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THE ECLIPSING VARIABLE STAR, \ TAURI 
By JOEL STEBBINS 


ABSTRACT 


Eclipsing variable star, \ Tauri; photometric study.—Two series of observations 
made witha sensitive photo-electric photometer during 1916-1917 and 1917-1918 have 
enabled the light-curve of this third-magnitude star to be determined (Fig. 1, Table IX). 
It is found to be a normal eclipsing system with two minima and continuous variation 
between eclipses. A comparison of the times of mininia with those computed from 
spectroscopic studies shows a satisfactory agreement. No light effect due to the third 
body, whose existence was shown by Schlesinger to account for the observed spectro- 
scopic orbit, is clearly evident, although a few observations, discordant up to o™1, 
occurred at such dates as to suggest they might be caused by this body. Because of 
the undetermined light of the third body and because of the small range of about 
o™4 in a partial eclipse, the elements for this system can be determined, as yet, only 
roughly. Plausible values for the sizes, densities, and relative brightness of the bodies, 
and for the inclination and ellipsoidal constants, are given in Table X and Fig. 3. 
The difference in brightness of opposite sides of the second bodwis probably chiefly due 
to the heating effect of the intense radiation from the first body. The author calls 
attention to a systematic discrepancy of oM“or between the two series of observations 
of 1916-1917 and 1917-1918, which is unexplained. 

Stars of Class B, x4 Orionis, Tauri, e Tauri, u Tauri.—These stars were used for 
comparison in the above series of photo-electric measurements and none was observed 
to vary by as much as oMos, although variables are common in this class. 

Photo-electric photometer for stellar observations.—After a large number of trials, 
a potassium photo-electric cell of fused quartz has been developed which makes the 
photometer much more sensitive than the former selenium photometer and which 
enables sixth-magnitude stars to be studied with a 12-inch telescope. 


The variability of } Tauri was established by Baxendell' in 
1848, this being the third discovery of an eclipsing star, following 


* Monthly Notices, 9, 37, 1848. 
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194 JOEL STEBBINS 


Algol and S Cancri, while with a magnitude of 3.3 \ Tauri ranks 
in brightness next to Algol among the older known stars of this 
class. Although it was immediately found that \ Tauri has a 
period of 3.95 days, there has been no good determination of the 
light-curve in the sixty years since the discovery of the variation, 
observers recording irregularities in the times of minima amount- 
ing to several hours. Apparently because of the small range of 
variation and few suitable comparison stars this variable is un- 
usually difficult for visual estimates. 

In 1897 Belopolsky found \ Tauri to be a spectroscopic binary, 
and the orbit has since been well determined at Allegheny. Schle- 
singer' has shown that the anomalies in the orbital motion can 
be explained by the presence of a third body which revolves about 
the eclipsing system in a period of 34.6 days. He was unable to 
detect the spectrum of more than one component on the plates, 
though there were certain peculiarities in the lines. The third 
body might account for large disturbances of the four-day eclipsing 
pair, though the spectroscopic results for the short-period orbit 
show no great discrepancies. 

When the study of Algol with the selenium photometer was 
completed in 1910, the next bright eclipsing star available was 
d Tauri, but the change to a whole magnitude fainter than Algol 
made this star, especially at minimum, entirely too faint for 
satisfactory observation, and attempts at measures were post- 
poned until the apparatus could be improved. After several 
years the selenium photometer was discarded in favor of the new 
photo-electric cell’made in our physics laboratory by Dr. Jakob 
Kunz and myself, and finally in 1916 the photo-electric pho- 
tometer was in such a stage of development that stars consider- 
ably fainter than \ Tauri could be observed. A comparison of the 
relative performances of the selenium and photo-electric instru- 
ments is somewhat difficult, but it is safe to say that with the new 
device, attached to the same 12-inch refractor, stars at least three 
magnitudes fainter can be observed than with the selenium pho- 
tometer. In fact, a careful comparison might show a difference of 
five magnitudes, or a one-hundred fold improvement, as the present 


* Publications of the Allegheny Observatory, 3, 167, 1915. 
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measures of fifth-magnitude stars are better than the measures of 
any stars whatever with selenium. The present practical limit 
is about magnitude 6.0 for stars of spectrum class A. The “color 
equation” of the installation, that is, the measured difference of 
two stars of classes A and K of the same visual brightness, is o“86. 

I hope sometime to publish a detailed description of the pho- 
tometer and the method of observing with it. No great changes 
have been introduced in the instrument since the work in 1915 on 
6 Lyrae,’ but the one important new feature is the potassium 
photo-electric cell which is of fused quartz. This substitution of 
quartz for glass in the cell wall has eliminated most of the so-called 
“dark current,’”’ and the particular cell now in use, our number 
QKog, is far superior to any cell which we had previously made. 
Its number indicates that it was the ninety-ninth cell which was 
enough of a success to be given a number, failures not being 
counted. — 

The observations of \ Tauri were begun here in October, 1916, 
using £ Tauri as the principal comparison star, but also 7‘ Orionis 
and 75 Orionis. It was not long before the discrepancies indicated 
that 75 Orionis is a variable, going through its changes in the 
spectroscopic period of 3.70 days, and the results for this star 
are given in the following article in this Journal. It was not 
possible to secure enough observations for a definitive light-curve 
of \ Tauri during the first season, but the main characteristics of 
the variation were established, there being primary and secondary 
eclipses as expected, and also continuous variation between minima, 
due to ellipticity of the components and to radiation effect. 
Toward the end of the season it was suspected that certain 
anomalies were repeated in the period of 34.6 days, showing an 
effect of the third body, and it was therefore determined to ob- 
serve the star carefully the following year. In the meantime we 
had begun the practice of using neutral shade glasses to cut down 
the light of bright stars, and two fainter comparison stars were 
added, e Tauri and uw Tauri. In these observations the light of 
\ Tauri was reduced to approximate equality with the com- 
parison star. Only one of the five comparison stars, e Tauri, is 

* Lick Observatory Bulletin, 8, 186, 1916. 











196 JOEL STEBBINS 


not in the list of spectroscopic binaries, and it is just among these 
stars of class B that variables are to be expected, but I have suc- 
ceeded in establishing a light-curve only in the case of 75 Orionis. 





























TABLE I 
CoMPARISON STARS 
mR a Spectroscopic | Visual | Shade Used | Photo-electric 
ry nad Period pectrum Magnitude | on d Tauri ar tere to 

1239....| A Tauri 34952041 B3 A ey ee eee or 
1038....| & Tauri. Unknown B8 | a, RR “ai ae 
1174....| € Tauri |............ B3 5.03 ™56 oMar5 
1320....| yw Tauri Unknown Bs 4-32 0.86 0.250 
1552....| m4 Orionis 9.5191 B3 2 6S ae 0.120 
1567....| 25 Orionis 3.70045 B3 EN Biches ex's Var. 





In Table II are the observations of \ Tauri made with the 
photo-electric photometer. The first date of Series I is October 
22, 1916, and of Series II, September 10, 1917. The phase in the 
second column is computed from the elements: 


Minimum= J.D. 2421194.573+3%952941°E, 


the period being that of v. Aretin.' The phase for the monthly 
period is based upon the hypothetical eclipse times from Schle- 
singer’s elements: 


Minimum= J.D. 2417831 .30+34%60: E. 


In computing the phases the times were reduced to the sun. The 
difference of magnitude is referred to Tauri as standard, using 
the corrections for the other comparison stars as given in the last 
column of Table I, except in the case of +5 Orionis, the corrections 
for which are in Table III. Each magnitude is usually the mean 
of three sets of measures, a set consisting of two measures of the 
comparison star, four of the variable, and then two of the com- 
parison star, the rate of observing being about six sets per hour. 
The residuals were taken in part graphically from the final light- 


* Vierteljahrsschrift der Astronomischen Gesellschaft, 48, 365, 1913. 

















THE ECLIPSING VARIABLE STAR, X TAURI 
































TABLE II 
OBSERVATIONS OF \ TAURI 
SERIES I 
, Com- 
Date, G.M.T. EOS Peerenceot| Residual | Part 
Star 
2421159.776..| 04785 oM334 | —oMooz | £ 
.810.. 0.819 -347 | + .007| & 
1163 .733-. 0.789 -329 | — .008 | €& 
.; 0.812 -327 | ~ .or2 | & 
1164.696. . -754 .320| — .o14 | & 
.718.. -774 -317 | — .o1o} € 
.785.. .841 -279 | — .O21 E 
BSF... .913 .282 | + .o12 E 
.929.. .985 .266 | + .005 4s 
1168 .692.. -795 -323 | + .004 | € 
70.. .813 -314 | + .003 | €& 
.765.. .868 .282 | — .006 | & 
.830.. -933 -257 | — .co8 | €& 
.9O9.. .O12 .283 | + .o19 as 
1169.698. . 801 .365 | — .oor gE 
7a... .829 -371 | + .006 f 
-797.. .Qoo .347 | — .o15 | & Readings discordant 
.830.. -933 -375 | + .o15 | & 
-9O2.. .005 -375 | + .020 ms 
1170.691.. .159 .067 | — .oor E 
.718.. 132 .000 | — .0o13 | & 
-776.. 074 — .138)|(— .043)} & 
.8o1.. .049 — .127 | + .003 £ 
.841.. .009 — .177 | — .OI§ §,2 
.865.. .O15 — .151 | + .cog | a5 
.885.. 035 — .192 | — .048 | #5,2| Readings discordant, 
.9O9.. 0.059 — .112 | + .006 | 5,2 
1172.692.. 1.842 + .276| — .023 é 
.710.. 1.860 .285 | — .006 £ 
+ 1.905 .245 | — .028 E 
778... 1.922 -273 | + .005 | €& 
-794.. 1.944 _ +270 + .006 é 
oh 1.963 ( 346) & =, 3 
.867.. 2.017 2 .O21 7 
.885.. 2.035 (  .300)|/(+ .030) 7 Probably smoke 
1178.781.. 0.026 — .154 | — .002 E 
.800.. 0.045 — .128 | + .006 g 
.850.. 0.005 — .063 | — .006 3s 
.882.. 0.127 + .022 | + .o19 Ws 
.go8.. 0.153 .041 | — .016 | #5, 2 
1179.719.. 0.964 -371 | + .o16 g 
, 0.987 .372 | + .o1g§ E 
1182.663..| —0.045 (— .112)| + .022| €& 
.687..| —o.021 (— .134)| + .022] & 
.708.. ©.000 (— .165)| — .002| & 
-739..| +0.031 (— .130)| + .o18 | & || Suspected influence of 
.758.. ©.050 (— .111)| + .or8 | €& third body 
.782..| 0.074 (— .073)| + .o22]| €& 
.842.. 0.134 (+ .oo1)| — .o16 Ws 
.874..| 0.166 (+0.093)| +0.011 | #5) 
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198 JOEL STEBBINS 
TABLE Il—Continued 
dos 46 /|Difference of pom ; 
Date, G.M.T. hese | Phase | Magnitude | Residual | "on Remarks 
Star 
2421183.731.. 14023 | 30484 o@363 | t+oMoo3 | & ; No effect from third 
987. 1.039 | 30.85 -359 | — .002] & body 
1185.765.. 3.057 | 32.87 -339 | — .cog]| & 
ee 3.075 | 32.89 .348 | + .002 é 
.848.. 3-140 | 32.95 +337 | — .OoZ 15 
868. . 3.160 | 32.97 .325 | — .OIr 75 
1186 .632..] —0.029 | 33.74 | — .141 | + .009] & 
-648..| —0o.013 | 33.75 | — .172 | — .o12 | & 2 
.683..| +0.022 | 33.79 | — .158 | — .003 | &, 2 
.699.. 0.038 | 33. — .157| — .o16| € 
a ©.072 | 33.84 | — .086 | + .o12 | & 2 
“2GS.. 0.094 | 33.86 | — .057 | + .co2| €& 
770... 0.109 | 33.88 | — .035 | — .004 | €& 
.783.. 0.122 | 33.89 | + .014 | + .020 | &, 2 
.842.. 0.181 | 33.95 .095 | — .016 5 
Pe 0.196 | 33.96 -143 | + .004 | m5, 2 
.870.. ©.209 | 33.98 . 160 .000 | m5, 2 
1187.622.. 0.961 | 0.13 -354 .OOI FS 
-641.. 0.980 | 0.15 «354 | =~ .cos | § 
-7II.. 1.050 0.22 -353 . 009 E 
-739.. 1.078 | 0.24 264 | — .of8}] § 
.840..| 1.179 | 0.35 .374 | + .006] xs 
1192.644.. 2.030 | 5.15 .258 | — .oro| & 
.666. . 2.052 5.17 .248 | — .027 & 
.696.. 2.082 5.20 -285 | — .o0o2]| & 
-714.. 2.100 5.22 .296 | + .002 E 
-741.. 2.127 5.25 -310 | + .005 E 
-759.. 2.145 5.26 .305 | — .0o8 | & 
1194.608. . 0.041 7.11 | — .127 | + .o1r é 
.628.. 0.061 7.13 | — .112 | + .003 E 
.647.. 0.080 7.15 | — .077 | + .007 é 
-744.. 0.177 7.25 110 | + .007 é 
7s... 0.1905 7.27 .146 | + .009 é 
.807.. ©.240 7.31 . 209 .000 5 
.831.. 0.264 7.34 225 | — .O14 5 
1197.655.. 3.088 | 10.16 -351 | +, .007| & 
.671..| 3.104 | 10.18 -355 | + .o12]| & 
1202.743.. 0.269 | 15.25 .240 | — .005 wt 
-759.. 0.285 | 15.26 .229 | — .033 | m4, 2 
ay ©.303 | 15.28 .260 | — .o12 | 4, 2 
.817.. 0.345 | 15.32 .283 | + .005 | m5, 2 
1203 .620. . 1.146 | 16.13 -375 | + .008 | & 
.682.. 1.208 | 16.19 .307 | — .oor é 
a 1.270 | 16.25 .358 | — .o10 34 
1207.695.. 1.268 | 20.20 -363 | — .005 E 
I211.701.. 1.321 | 24.21 -375 | + .007 | &, 2 
1213.622.. 3.242 | 26.13 .326 000 | & 
.645.. 3.265 | 26.15 -347 | + .024 fa Smoke ? 
1222.575.. ©. 337 0.48 .261 | — .o16 E 
.606.. 0.368 | o.51 .290 | + .oo9 | & 
1230.555.. 0.410} 8.46 .287 | + .002 é 
-636.. ©.491 8.54 0.287 | —o.o10 | &, 2 
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Com- 
Date,G.M.T. | §95. | gut, [Diflerenceiofl Residual | Pati- Remarks 
Star 
2421232.575.. 24430 | 10448 oM373 | toMoro| £& 
1234.560..| 0.462 | 12.46 .325)| + .033 | & | Third body? 
1237-531--| 3-433 | 15-44 -303 | + .002| & 
1247.512.. 1.554 | 25.42 -355 | — .007 gE 
. 536 1.578 | 25.44 351 | — .o10 | & 
-558.. 1.600 | 25.46 .358 | — .003 | & 
.660. . 1.702 | 25.56 .346 | — .005 | w4,2 
.676.. 1.778 | 25.58 ( .322 | — .024 34 
1252.522.. 2.610 | 30.43 .441)| + .074 |] & } : 
-542.. 2.630 | 30.45 |( .429)| + .061 3 Third body ? 
1253.668..] —0o.197 | 31.57 .138 | — .003 | w4,2 
1256.577..| 2.712 | 34.48 |( .353)/(— .o1s5)| € 
.600. . 2.735 | 34.50 |( .359)|/(— .008)] 24\|| Through smoke, 
.639.. 2.774 | 34.54 |( .328)i(— .039)| 4 rough test only 
-654..| 2.789 | 34.56 |( .353)|(— .013)| 
1258.508.. 0.690 | 1.81 .306 | — .o19 | & 
1259.511.. 1.693 | 2.81 .344 | — .o10| €& 
“562.. 1.744 2.86 -330 | — .007 & 
.617.. 1.799 2.92 .318 | + .002 4 
, .632.. 1.814 2.93 .286 | — .024 | 4, 2 
1265.537..| —o.188 | 8.84 .152 | + .028 | & 1 
.563..| —o.162 8.86 ( pee + .o14 | &,1 
1269.547..| —0O.131 | 12.85 |(— .107)} — .118 | &, 2 : 
.609..| —0.069 | 12.92 |(— .168)|) — .054 a Third body ? 
1281.537..| —O.001 | 24.84 .161 | + .002 4 
.581..| +0.043 | 24.88 | — .138 | — .002 ra 
1296.541..| 3.143 | 5.24 .301 | — .037 | 24 | Poor sky 
1307.547.. 2.289 | 16.24 -342 | — .O15 ns 
1321.562.. ©.491 | 30.26 |( 0©.323)|(+0.026)| «5 | Smoke, rough test 
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TABLE Il—Continued 
SERIES II 
; Com- 
Date, G.M.T. nos. | wise | Mincmitade| Residual | Pati: Remarks 
Star 
2421482.856..| —o%279 | 18456 oM251 | —oMoog ] 
-895..| —0.240 | 18.60 .226| + .o14| & 
-935..| —0.200 | 18.64 -144 | — .003] & 
1483 .835.. ©.700 | 19.54 .350 | + .o14 | e 
.872..| ©.737 | 19.57 .351 | + .c09 | €& 
1484 .807.. 1.672 | 20.51 .365 | — .002] e 
.872.. 1.737 | 20.57 .363 | + .o15 | & 
.924.. 1.789 | 20.63 .338 | + .009 e 
1485 .849.. 2.714 | 21.55 .400 | + .022]| e 
.894.. 2.759 | 21.60 301 | + .o14| €& 
1486 .803..| —0.285 | 22.50 .281'| + .o1g | e 
.860..) —o.228 | 22.56 .222 | + .029 | e 
.881..] —0.207 | 22.58 .160 | + .oo1 é 
.918..| —0.170 | 22.62 .I02 | + .o12 | @, 2 
.936..| —0o.152 | 22.64 .056 | + .oor | &, 2 
1487 .864.. 0.776 | 23.57 .347 .000 | e, 4 | Smoke 
1488 .808. . 1.720 | 24.51 -352 | — .oor e 
.860.. 1.772 | 24.56 -343 | + .007] e 
-Q17.. 1.829 | 24.62 .318 | + .006 | &£ 
1489 .858.. 2.770 | 25.56 .368 | — .co9 | e 
-QOo.. 2.812 | 25.60 .364 | — .o12 | &, 2 
1490.799..| —0.242 | 26.50 .212 | — .002 | e, 2 | Poor sky 
1493 .842.. 2.801 | 29.54 -377 | + .oo1 é 
-905.. 2.864 | 29.61 .380 | + .006 | e 
1494.797..| —0.196 | 30.50 |( .163)| + .023] e 
.816..] —0.177 | 30.52 |( .127)] + .023] e 
.836..| —0.157 | 30.54 |( .10r)| + .036] e 
.862..| —o.131 | 30.56 |(+ .006)| — .005] & Third Body ? 
.880..| —o.113 | 30.58 |(— .o19)} + .004 | €& 
.QOI..| —0.092 | 30.60 |(— .o71)| — .o1! e 
-919..]| —0.074 | 30.62 |(— .110)} — .o16 | e }} 
1495-798. . 0.805 | 31.50 -347 | — .002 e ’ 
.818..| 0.825 | 31.52 .353 | + .002] e { Poor sky 
1496 .923.. 1.930 | 32.63 -291 | + .o16 | e, 2\ Poor sky 
-937-. 1.944 | 32.64 .246 | — .027 | e, 2f 
1499 .832.. 0.886 | 0.94 .340 | — .o18 | & 
1500.778.. 1.832 1.88 .328 | + .o17 e 
.847.. I.Qo1 1.95 .290 | + .007 E 
.893.. 1.947 2.00 .280 | + .007 e 
-937.-. 1.991 2.04 .263 | — .009 | e, 2 | Readings discordant 
1501 .842.. 2.8096 2.04 -371 | — .oor| & 
.861.. 2.915 2.96 -373 | + .c02| €& 
1502.787..| —o.112 3.89 | — .032 | — .007 é 
.815..| —0.084 | 3.92 | — .072 | + .006 | €& 
.841..] —0.058 | 3.94] — .102 | + .0o13] & Probably smoke on 
.862..} —0.037 | 3.96 | — .138 | — .oo1} €& this date 
.879..| —0.020] 3.98 | — .176|] — .026| €& 
.899.. 0.000 4.00 | — .174 | — .o2I é 
1506.860..| -+-o.009 7.96 | — .135 | + .ors| & 
.891.. 0.040 | 7.99 | — .133 | — .cog] €& 
1507.835.. 0.984 | 8.94 0.364 | —0.003 | & 
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TABLE Il—Continued 











Com- 
Date,G.M.T. | i925. | sate, |Piference ot! Residual | Part Remarks 
Star 
2421510.780..| —oto2r | 11988 | —oM132 | +oMor7 | e 
.803..| +0.002 | I1.91 | — .154| — .002]| €& 
O08... ©.024 | 11.93 | — .137 | + .003 g 
.842.. ©.041 | 11.95 | — .111 | + .O12 £ 
.860.. 0.059 | 11.96 | — .I110 | — .009 E 
1514.755..| —0.002 | 15.86 | — .132 | + .o21 e 
-776..| +0.019 | 15.88 | — .126|] + .o18 | e 
.800.. 0.043 | 15.90 | — .127 | — .006] & 
.819.. 0.062 | 15.92 | — .094 | +. .003 é 
.830.. 0.082 | 15.94 | — .067 | — .006 | €& 
.866.. 0.109 | 15.97 | — .o10 | + .oor e 
.880.. 0.132 | 15.99 | + .023 | — .orr e 
.g16.. 0.159 | 16.02 .098 | + .c10| pw 
-942.. 0.185 | 16.05 .138 .00CO | uw 
1517.783.. 3.026 | 18.89 -353 | — .c0o8 | & 
1522.810.. 0.148 | 23.92 .0§52 | — .orgs | €& 
.883.. 0.221 | 23.99 ( yet + .024 7 1 
1529.706.. 3.091 | 30.81 .293)| — .060 | e, 2 : 
778. . 3.163 | 30.88 |( .327)| — .o18 | e, 2f hterng body ? 
1534-709. 0.278 | 1.30 |( .330)\(+ .o70)| & 1 Rejected 
.842.. 0.321 1.35 a — .022] e : : 
.894.. 0.373 1.40 .308 | + .016 | pw f Readings discordant 
1535.790.. 1.269 2.29 .390 | + .o12 3 
.816.. 1.205 2.32 .378 .000 | eé 
2 1.332 2.35 .363 | — .0o14 e 
.880.. 1.359 2.38 -392 | + .o1g 7 
.9O4.. 1.383 2.41 .376 .000 | yw 
1536.756.. 2.235 3.26 -345 | — .013 é 
77... 2.250 | 3.28 -337 | — .020| & 
.800.. 2.279 | 3.30 |( .317)\(— .o50)| e || Noap nt reason 
817... 2.296 | 3.32 |( .317)\(— .o51)| e {| for discrepancy 
.861.. 2.340 3-37 .367 | — .003 bu 
.881.. 2.360 3.39 -345 | — .026/] uw 
.gO2.. 2.381 3.41 351 | — .020] mw 
1537-728..| 3-207 | 4.23 -343 | + .003 | €& 
7S3.- 3.232 4.26 .350 | + .013 e€ 
1538.731.. 0.257 5.24 . 247 .000 | &£ 
. 0.277 5.26 .270 | + .002 e 
, ©. 300 5.28 .288 | + .006 é 
-795.. 0.321 5.30 .282 | — .004] €& 
.809.. 0.335 5.31 .296 | + .009 e 
.836.. 0.362 5.34 .262 | — .028 | e 
.862.. 0.388 5-37 -292 | — .Oor u 
.885.. o.41I 5.39 .293 | — .0OS | 
.QII.. ©.437 5.42 -209 | — .COT] yw 
1548.749.. 2.370 | 15.26 -374 | + .003 | & 
Oe 2.395 | 15.28 .368 | — .004| e 
1549.705.. 3.326 | 16.21 .318 | — .007 e 
.724..| 3.345 | 16.23 .332 | + .009| €& Poor sky 
.887.. 3.508 | 16.39 -304'] +'.005.| mw 
1551.687.. 1.356 | 18.19 -367 | — .o1o | & 
1553-692... 3.361 | 20.20 0.328 | +0.007 | €& 
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TABLE II—Continued 











Com- 
Date, G.M.T. 9S Fad ee Residual — Remarks 
Star 
2421553.716..| 349385 | 20422 oM337 | +oMo20 | ¢ 
1573-628.. 3.531 5.53 .272 | — .024] £& | Cellnear glowing point 
1574.612.. 0.562 | 6.52 -333 | + .ors | & 2 
.637..| 0.587] 6.54 -354 | + .032]| e 
1579.610.. 1.607 | 11.52 54 i—~ .or7e i € 
.637.. 1.634 | 11.54 .358 | — .orr e 
1580.623.. 2.620 | 12.53 .303 | — .o15 | e 
1583.562.. 1.606 | 15.47 -375 | + .004 | e 
.597.. 1.641 | 15.50 -349 | — .020 E 
1588 .665.. 2.756 | 20.57 .305 | — .o12 | €& 
1592.603.. 2.741 | 24.51 .380 | + .003 e 
1596.589.. 2.773 | 28.49 .388 | + .o12 | €& 
.607.. 2.791 | 28.51 -395 | + .o19] e 
1598.561.. ©.792 | 30.46 -347 | — .cor | e \| No effect from third 
, .579.-.| 0.810 | 30.48 .354 | + .004] € f| body 
1601 .594..| —o.128 | 33.50 | — .o10 | — .o16 | & 
1603.549.. 1.827 0.85 -307 | — .006 | £ 
1612.567.. 2.938 9.87 .390 | + .021 é 
1613.534..| —o.048 | 10.84 | — .129 | — .003 & 
.581..| —o.001 | 10.88 | — .143 | + .o10] e Readings discordant 
1622.693.. 1.205 | 20.00 .3908 | + .o20] up 
1626.535.. 1.094 | 23.84 -390 | + .o15 | & 
1628 .567.. 3.125 | 25.87 -370 | + .o21 e 
.687.. 3.245 | 25.99 .305 | + .030] uw 
1631.677.. 2.282 | 28.098 .362 | — .005 |] pw 
.701.. 2.306 | 29.00 .380 | + .o12] pw 
1635.531.. 2.183 | 32.83 -338 | — .002] €& 
-550.. 2.202 | 32.85 -323 | — .024] e 
.569.. 2.221 | 32.87 .356 | + .002 e 
-5QI..| 2.243 32.89 -350 | — .0co4| pb 
1663 .569.. 2.547 | 26.27 .370 | — .007 i” 
1669.576.. 0.647 | 32.27 .345 | + .c1r6 | gp 
1670. 569. . 1.640 | 33.27 0°. 369 ©.000 |} pw 























curve. When less than three sets of measures were averaged the 
number is indicated by the figure following the comparison star. 
Where both the difference of magnitude and corresponding residual 
are in parentheses it indicates that the observation was entirely 
rejected; where the difference of magnitude only is in parenthesis 
the observation was not used in determining the short-period 
light-curve, but was used in the test for the third body. 

In Table III are shown the reductions of the observations 
with 75 Orionis. The light-curve of 75 was referred to 1‘ Orionis, 
and the correction on account of the variation of 75 is given in 
the fourth column. The adopted values in the last column are 
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the sums of the corresponding numbers in the third and fourth 
columns plus 0.120 magnitude, the difference between 7‘ Orionis 


and £ Tauri. 
TABLE III 


COMPARISONS OF \ TAURI WITH 25 ORIONIS 











Date, G.M.T. w* Phase ae — Orionis “ Refereed tet Tauri 
2421164.929.... 01770 +oM138 +oMoo8 +0oM266 
1168.909.... 1.049 + .154 + .009 + .283 
1169.902.... 2.042 + .289 — .034 + .375 
1170.865.... 3.005 — .274 + .003 — .I5! 
== 3.025 — .313 + .oo1 — .192 
.9OQ.... 3.049 — .232 .000 — .112 
33573.007.... 1.307 + .174 — .008 + .286 
.885.... 1.325 + .190 — .o10 + .300 
1178.850.... 3.589 — .145 — .038 — .063 
; =’? 3.621 — .059 — .039 + .022 
.9o8.... 3.647 — .040 — .039 + .o4I 
1182.842.... 0.181 — .084 — .035 + .oor 
Pere 0.213 + .006 — .033 + .093 
1185 .848.... 3.187 + .228 — .Oorr + .337 
ee 3.207 + .217 — .O12 + .325 
1186.842.... 0.480 — .o12 — .013 + .005 
SSS ©.405 + .035 * .o12 + .143 
. ee 0.508 ~ tt .O51 — .oIr + .160 
1187.840.... 1.478 + .276 — .022 + .374 
1194.807.... 1.044 + .o80 + .009 + .209 
esos « 1.068 + .097 + .008 + .225 
1202.817.... 1.653 + .197 — .034 + .283 
3907 .5897.;... 77% +0.211 +0.011 +0.342 

















In Table IV are given the normal magnitudes on the basis of 
the period of 3.952941 days, together with the residuals from the 
final light-curve. In forming these normals it was desirable, 
especially for Series I, not to mix up in the same normal observa- 
tions with different comparison stars, one of which is known to be 
a variable. Each normal usually comprises six sets or more, but 
when fewer than five sets were averaged that fact is.indicated by 
the figure which follows the comparison star. The systematic 
corrections, which were applied to Series II before forming the 
normals, will be discussed later. | 

The normal magnitudes of Table IV are shown graphically in 
Figure 1, where open circles represent the results of Series I, and 
barred circles those of Series II. The normals of the first series 
which were of low weight, and also those referred to x‘ or 7° 
Orionis, are indicated by crosses. 
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From the residuals in Table II there follow for the probable 
errors of a single observation: Series I, +o“oo8; Series II, + o“oog. 
In computing these probable errors all poor observations were 
given full weight, and the residuals include all unknown variations 
of the comparison stars and outstanding errors of the light-curve. 
Treating the residuals of Table IV likewise as all of equal weight, 
the probable error of one normal is +o™“oo6 for each series. 


TEST FOR THE THIRD BODY 


In view of the discordances which observers have reported for 
d Tauri, it was expected that the photo-electric measures would 
show either large perturbations of the eclipse times, or actual 











TABLE IV 
NORMAL MAGNITUDES 
SERIES I 
Phase | Ofereccie| Residual |ComPSrison|| Phase | Biference'of! Residual | Comparison 
—of197 | +0¥138 | —oMoo3 | r4, 3 14064 | +0354 | —oMoog | £ 
— .175 | + .120] + .020 |} é, 2 1.177 -371 | + .003 | & 
— .159 | + .067 | — .oor | §,3 1.224 .366 | — .002 | x4, x5 
— 132 .000 | — .013 | §& 3 1.204 -369 | + .oor | & 
— .039 | — .134| + .co6 JE 1.577 -355 | — .006 | & 
— .OIr — .174 | — .o12 | &4 1.710 3541 — .0t4 | w,4 
— .oor | — .161 | + .002 | #4, 3 1.718 -337 | — .009 | & 
+ .022 "| — .165 | — .009 | x5 1.763 .318 | — .013 | & 
.024 | — .156 | — .002/ & 1.804 .318 | + .004 | & 
.041 | — .137 | + .co1 | & 1.805 -305 | — .009 | m4 
-OSI — .125 | + .003 | m4, x5 1.842 .278 | — .021 | & 
.066 | — .099 | + .009/| = 1.864 .284 | — .005 | — 
.087 | — .067 | + .004 | = 1.go8 .264 | — .008 | & 
-III_ | — .020 |] + .007 | «#5 1.928 .265 | — .oo1r | & 
-114 | — .o15 | + .006| & 1.954 .270 | + .007| & 
-167 | + .068 | — .o16 | x 1.998 .274 | + .o12 | *5 
. 186 .128 | + .008 | & 2.041 .253 | — .o18 | ¢ 
. 202 -152 | + .003 | 5,4 2.089 .289 | — .oo1 | & 
.252 .217 | — .008 | a5 2.136 .308 | — .oo1r | & 
.275 .236 | — .o15 | x4 2.289 342 | — .o15 | w5,3 
.318 .272 | — .003 | m4, m5, 4 2.430 .373 | + .o10 |-&, 2 
ore .276 | — .002/| & 2.815 .368 | + .002/¢€ 
-459 .287 | — .005 | & 2.922 .366 | + .005/ & 
. 768 .326 | — .009 | — 3.006 .344| — .003/£& 
.816 -337 | — .003/€ 3.078 -353 | + .007 | 25 
-962 .300 | + .005 | £ 3.096 -353 | + .o10/€ 
-982 .360 | + .003 | & 3.254 .330 | + .o1r | & 
1.031 }| +0.361 | +0.001 | & 3.433 | +0.303 | +0.002 | & 3 
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TABLE IV—Continued 














SERIES II 
a . : , 
Phase er ade | Residual | CRPSrISOn)) Phase ieee rcticl| Residual | Comparison 
—ot277 | +0o@256 | +oMoo3 | ¢ 04813 | +oM340 | +oMoor | ¢,€ 
— .236 | + .211 | + .008 | e,€ ©.993 -355 | — .o0o2/€ 
— .213 | + .181 | + .014/ €,& 1.280 .370 | + .002 | ¢,& yu 
— .180 | + .113 | + .004/ @€,€ 1.371 .362 | — .005 | Eu 
— .135 | + .o13 | — .coO;€ 1.621 .352 | — .008 | e,€ 
— .093 | — .062 | — .oor | & 1.656 .348 | — _.010 | ¢, &u 
— .048 | — .126 |] + .005/] & 1.748 .343 | + .007/ @ € 
— .024 | — .145 | + .009/] e,€ 1.820 -311 | + .003 | & 
— .006 | — .164] — .oo1 | @,€é 1.893 -293 | + .0o15 | ¢,€& 
+ .005 | — .168 | — .005 | e,é 1.962 -257 | — .cosie 
or! — .154| + .co8 | = 2.207 .329 | — .008 | @,€ 
027 — .142 |] + .009/ 2, €& 2.244 .336 | — .0o13 | & mu 
.045 — .132 | + .002/] & 2.271 -334 | — .022 | & mu 
.056 | — .128 | — .006 | & 2.340 .344 | — .016 | pw 
.077 — .090 | — .oo1 | é& 2.387 -351 | — .o10 | ¢, & 
125 — .004 | — .004 | é€ 2.632 .364 | — .004 | én 
-159 | + .060 | — .008 | & yu 2.957 .369 | + .002 | @,€ 
. 208 .160 | + .oor | uw 2.783 -374 | + .008 | e,€ 
.272 . 248 .000 | e,€ 2.831 .964 | — .0o1 | @&,§ 
.319 .268 | — .007 | e,€ 2.921 .368 | + .007/ & 
362 .275 | — .004 | ¢,m 3.124 -345 | + .005 | €,€& 
417 -274 | — .O12 | pw 3.273 -331 | + .009 | ¢,m 
.604 -331. | + .018 | e,& mu 3.360 -322 | + .0o12/ @,€ 
0.743 | +0.339 | +0.007 | ¢,& 3-521 | +0.277 | —0o.o1r | & 





























occulting effects of the third body. During the first season, 
however, no discrepancy was noted until J.D. 2421252, January 
23, 1917, when two observations of three sets each, with & Tauri 
as comparison star, made \ Tauri unusually bright, the residuals 
later being determined as o“074 and o“o61. £& Tauri was promptly 
compared with 7‘ Orionis, and this measure made £ Tauri only 
o“o14 fainter than usual. There was nothing apparent in the 
observing conditions which could account for this sudden bright- 
ening up of \ Tauri, and the discordance was some seven or eight 
times the probable error of an observation. 

The next large discordance was on J.D. 2421269, February 9, 
1917, when two comparison stars were used. The mean of two 
sets with ¢ Tauri made \ Tauri faint by o“118, while three sets 
with 2‘ Orionis gave a residual of o“os4 in the same direction. 
As these measures were taken during the primary eclipse of the 
close pair, a careful search has been made for an error in the 
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recorded times or in the reductions, but the results are apparently 
correct. 

At the end of that season when all of the results were arranged 
on the 34.6-day phase, it was seen that the discrepancies had 
occurred at two places in the cycle, separated by about half the 
period. These were at the approximate phases 13 and 30.5 days, 
zero phase being counted from the hypothetical time of the third 
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Fic. 1.—The light-curve of \ Tauri 
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body eclipsing the center of mass of the close system, as computed 
from the spectroscopic elements. Therefore, if we could assume 
that the third body was about four days ahead of its predicted 
place, we should have a clue to the cause. A triply eclipsing 
system would present interesting observational difficulties, as the 
eclipses of the close components by the distant member would 
each be displaced over a range of several days due to the motion 
about the center of mass. I have no idea, however, as to what 
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would cause the total light of the system to be increased by 6 or 7 
per cent when the third body is nearly in front of the others, 
though at the present writing I have suspicions of a similar bright- 
ening up at the beginning and end of the eclipses of another star. 
The observations of \ Tauri were carried through the second 
season with the special object of detecting the effect of the third 
body, but also to polish up the light-curve for the close pair. 

The residuals of Table II have been arranged according to the 
phase of the longer period, combining observations only on the 
same night, and the result of this test is shown in Figure 2. As 
before, open circles indicate the observations of Series I, barred 
circles those of Series II, while crosses indicate the means of fewer 
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Fic. 2.—Test for the third body of \ Tauri; period = 34.6 days 


than five sets for either series. There are apparently four nights 
involved in the larger discrepancies, two when the system was 
faint and two when it was bright, also one or two other nights 
near the same phase when the light was changing abnormally. 
On the other hand there are about an equal number of observations 
in the vicinity of phase 30-31 days where nothing unusual was 
noted. 

My conclusion is that at best we have here only a suspicion of 
an effect due to a third body, which in any event must be small, 
and it is not worth while to continue the search ftrther. After 
spending two seasons on the attempt I am willing to let someone 
else try his hand at detecting discrepancies of less than a tenth of 
a magnitude, which come at intervals of seventeen days, and which 
if they exist at all must be subject to large irregularities. 


36 
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COMPARISON WITH THE SPECTROSCOPIC ELEMENTS 


A further test of the anomalies in this system is given by a 
comparison of the photometric results with the spectroscopic 
orbit, since on the simple eclipse theory the epoch of primary 
minimum should be when the bright body is 90° from the node. 




















TABLE V 
Times oF MINIMA 
Source Elements cepted Difference 
; ; J.D. 
Spectroscopic orbit.....}..........- ce ceecee cee eeeeeees 2417045.240 |......... 
ere J.D. 2399607 .527+3%952041°E 7945.220 | —oto20 
Photometric 1916, 
Series I............. 2421194.573+3%952041°E 7945-255 | + .o15 
Photometric 1917, 
Series IT............ 2421506 .850+3%952941°E 7945.250 | + .o10 
Photometric 1917, with 
corrected period... .. 2421506 .850+(3.952952°E) 7945.240 | ( 0.000) 





An inspection of the available data leads to the following 
conclusion. The difference of fourteen minutes between the 
observed time of minimum in 1917 and that required by the 
spectroscopic elements from plates taken in 1907-1914, corresponds 
to an error of 1 km/sec. in the velocity-curve, of o“o2 in the light- 
curve, or of one second in the adopted period. It will therefore 
require more evidence than we have at present to establish any 
real discordance between the photometric and spectroscopic 
results. 

THEORY OF THE SYSTEM OF \ TAURI 


In deriving the elements of the system of \ Tauri the method 
and notation of Russell have been used. The first step was to 
derive the law of variation between eclipses. Using the normals 
farther than 0.35 day from the times of primary and secondary 
minima, there was found: 


Series I, Magnitude =0™3576—0”o474 cos @Q—o™o542 cos? 8 
+130 #25 +47 

Series II, Magnitude = 0™”3740—0“0420 cos 6—o™o710 cos? 8 
+17 + 20 41 


(1) 
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where @ is the phase angle, and the magnitude is referred to 
£ Tauri. The difference between the first terms could be due to a 
progressive variation of the total light of the system or to a change 
in the comparison star from one year to the next. The coefficients 
of cos@ agree within half a hundredth of a magnitude. The 
difference between the coefficients of cos?@ could be interpreted to 
mean a change in the ellipticity of figure of the components, but 
the discrepancy of 30 per cent is too large to be considered in this 
connection. By inspection of the graphs of both series it was 
seen that by a shift of a hundredth of a magnitude the curve 
between minima for Series II would fit the observations of Series I 
very well; and it was independently found that during the primary 
eclipse a systematic difference of a hundredth of a magnitude in 
the same direction also existed. It was therefore thought best 
to apply the correction of o“o1o to all magnitudes of Series IT. 
It was also found graphically that the time of primary minimum 
for Series II was 0.005 day early on the basis of the times computed 
from the first season. The two series were treated therefore as 
follows: 

Series I.—Original observations in Table II and all normals 
were unchanged. 

Series II.—Original phases and magnitudes in Table II were 
unchanged, but corrections of +0.005 day to the phases and 
—o“or1o to the observed differences of magnitude were applied 
before forming the normals in Table IV. The residuals for Series 
II, given in Table II, were derived after the corrections had 
been applied. 

The normal magnitudes for the two seasons were thus made 
homogeneous, and the next step was to rectify the magnitudes 
during the eclipses, which was accomplished from (1) by adding 
o“o542 cos? @ to the observed magnitudes, then reducing to light 
and adding 0.0418 (1+cos 9) in light units. At primary minimum 
the normals before and after zero phase were combined on one 
branch of the curve. The observations near secondary minimum 
were used only to determine the minimum light at that phase, 
as the form of the curve, with less than a tenth of a magnitude 
range, was of no service in deriving the elements. 
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The spectroscopic eccentricity of 0.060 gives 2.010 days for 
the phase of the secondary minimum, but as the photometric 
results are not sufficient to establish an accurate time in this part 
of the curve it has seemed sufficient to neglect the eccentricity and 
assume the central phase of the secondary to be at the phase 
equal to one-half of the period, or 1.976 days. 


























TABLE VI 
CoMBINED NORMALS, PRrmMARY MINIMUM 

Phase Observed Magnitude! Rectified Light Residual Light Series 
DG Cscccpevees —oM166 0.705 —0.002 II 
Wi oe 6603 — .170 703 — .006 I 
ee re ee — .147 .716 + .006 II 
RE a Se — .159 . 709 — .003 I 
er es ee — .138 .721 + .oo1 I 
Eee a oveses — .129 .726 + .003 II 
MDa’ od o:0-0' 000 — .113 735 + .006 I 
Pe icacsiecss — .109 738 — .oo! II 
esa 6cucyess — .O5I 799 + .005 I 
Peer Cree — .033 . 785 — .002 II 
“SSeS ee — .009 .799 — .oo! I 
ee eee + .036 .828 — .007 II 
Po ae + .085 .862 + .oo1 I 
SS ee + .136 .899 + .003 I 
MMs bld-s <06-0.< + .136 .899 + .oo1 II 
SE Ln 5's a. 6-6.5 6% + .1096 943 + .o1! II 
ME des 6.6-6-0'08 + .226 .964 — .013 I 
MODINE. ca + vas be<s +0.252 0.984 +0.002 II 

TABLE VII 


RECTIFIED CURVE 











| Magnitude | Range Light | Loss of Light 
os. eae asics | oM405 | Sia eetive 1.000 | eis wane i 
Primary minimum......... +0.029 0376 0.707 0.293 
Secondary minimum....... 0.315 | ©.090 9 0-920 | 0.080 





The combined normals for primary minimum, using both 
branches of the curve, are givenin Table VI. After some trials the 
constants of the curve were adopted as in Table VII. These 
constants with the combined rectified normals are the basis of 
the elements. 

It is obvious at the outset that \ Tauri furnishes a case where 
the elements will be poorly determined, first because of the small 
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range of about o™4 in a partial eclipse, and second because of the 
undetermined light of the third body. In allowing for the effect 
of the ellipsoidal figure of the bodies, we have from the last 
term of (1) 0.0542 in magnitude=o.0487 in light, and hence 


Z=2X0.0487 =0.097. 


But this value of z is too small if there is light from the third 
body, which would reduce the apparent variation of the eclipsing 
pair from whatever cause. In view of this uncertainty, and for 
convenience, all computations have been on the basis: 


2=0.10. 


In Russell’s method for a partial eclipse, we have to find the 
function x (k, ao, +) which is derived from the form of the curve 
at primary minimum. If we consider the total light at any time 
as coming from a pair of overlapping disks plus the light of the third 
body, the effect would be the same if we should extinguish the 
third member and give its light to the uneclipsed member of the 
close pair. The x function is therefore independent of the light 
of the third body. 

In using the secondary minimum to determine the slemiints 
we have for two bodies 


ao(Ly+L,)=1— d+ — = ’ 


but with the third body, if Z,+2,+2Z,=1, there follows 


I 


Pee. Pee 
0m (ote) 
We now determine a, and & by the intersection of the curve 
x (Rk, a, })=constant, 


and the system of curves 


ORS. Se °. 295 
7 =a or ) 
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which may be drawn for different assumed values of L,._ As there 
is no way of determining L,, the elements must remain uncertain 
within certain limits, between zero and a quantity such that L, 
and L, together shall not be large enough for their combined 
spectra to show on the plates. This limit of L,+JZ, is assumed to 
be one-third of L,, or 


o<L,<o—L, e 


When the first approximate solution was made, it was found 
that LZ, must be as large as 0.13 for the curves giving a, and k 
to intersect. Thus with only two eclipsing bodies a solution was 
impossible, but it was possible on the assumption of a third body 
giving 0.13 of the total light. This was a striking case of the 
“astronomy of the invisible,” but a critical examination shows 
that the material is not sufficient to establish the light effect of 
the third body in this way. It was found that any value of the 
x function between 1.76 and 1.84 would satisfy the observations 
about equally well. Even if x could be determined there is a 
large range of the values for each element of the system, as is 
shown in Table VIII, which is computed for C=0.125, D=0.0695, 
C/D=x=1.80. 

TABLE VIII 


ELEMENTS FOR x (ao, k, }) =1.80 








Mediwewsksswcce 0.641 | 0.625 | 0.65 | 0.70 | 0.75 | 0.80 | 0.90 | 1.00 
OE Fee 1.00 -95 .84 -73 .655 .60 $2 .45 
OS ats ae 71 -79 .83 .82 .796 .76 70 65 
hee ge a ai .08 .09 .10 II .122 33 18 .18 
Peres b.0k6 02's 21 +33 .07 .O7 .082 II ae .17 
Li/(La+L;)..... 2.4 3.8 4.9 4.6 3-9 3.2 2.3 1.9 





























From Table VIII it is seen that k may range from 0.6 to 
0.8, but that for k=o.9, L, would be only 2.3 times (L,+J,), 
and the additional spectra should be detected. Similar tables 
were made for x=1.76 and 1.84. For x=1.76 there is a solu- 
tion for k=o.6, and no solutions for larger values of k, except 
that there is just a possibility for k=1.0. For x=1.84 the least 
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value of L, would be o. 20, and any solution would give too much 
light for the two fainter bodies. The possibility of the large body 
being in front at primary minimum seems to be entirely excluded, 
as this would also give too great a value for L,+L,;. Taking the 
various combinations, the plausible range of the different quan- 
tities is 


k=0.6 — 1.0 
Q@=0.4 — 1.0 
L,=0.7§— 0.9 


L,=0.1 — 0.2 
L,=0.0 — 0.15 
L,/(L,+L;)=3 —10. 


The value k=o.75 is therefore probably correct within 20 per 
cent, and on this basis, with x=1.80, the remaining elements 
will give a fair idea of the nature of the system. Using Russell’s 
formulae there are found for the radii of the bodies and the inclina- 
tion: 
a;=0.299 
ka,=0.224 
cos 1=0.202 


From the ellipsoidal constant s=0.10 we have, following Russell, 
for the axes of the ellipsoids 


a:b:C=1.00:0.95:0.92. 


The effect of the polar flattening is too small to consider as changing 
the computed inclination. 

The final light-curve during eclipse was computed both by 
Russell’s method, using the constants a, k, C, and D, and also 
independently from the elements by an adaptation of Harting’s 
method, using Blazko’s table." The necessary changes because of 
elliptical disks were of course taken into account. 

The graph in Figure 1 shows a satisfactory agreement of the 
curve with the observations, the only outstanding discordance 
being near the beginning and end of the secondary minimum, 
where a lowering of the curve by about a hundredth of a magnitude 


* Annales de l’observatoire astronomique de Moscou, §, 104, 1911. 
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would make a better agreement. This error is largely due to the 
adoption of the curve between minima as wholly from Series I, 
but in view of the systematic difference between measures of the 
two seasons, and the fundamental uncertainty in the final elements, 
it was not considered worth while to go through the work again. 
Likewise there appears no advantage in a case like this in making 
a solution for disks darkened at the limb. 
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In his discussion of the system of \ Tauri, Schlesinger has 
shown that the relative distances of the second and third bodies 
from the brightest one can be closely estimated, and on the as- 
sumption that the primary has 2.5 times the mass of the eclipsing 
satellite he finds the distances of the three bodies from the centroid 
of m, and m, to be respectively 3,200,000 km, 8,000,000 km, and 
50,000,000 km. He used sin i=0.96, which is near enough the 
present value, 0.98. On this basis and the sun’s radius of 695,500 
km, there follow when the sun’s mass, radius, and density are 
each taken as unity 

M,= 2.5 a,=4.8 Pr=0.025 
M,=1.0 a,= 3.6 p2=0.024 
m;=0.4 Po=0.025 
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The mean density of the close pair, p., follows from the values of 
the period and of a, and k, and it is only by a coincidence that the 
independent assumption of the relative masses gives nearly equal 
densities for the two components. Lacking eclipse measurements 
of the third body, we have no clue as to its diameter and density. 
In Figure 3 the close system is drawn to scale, and in spite of the 
uncertainties this probably gives a rough idea of the conditions 
and dimensions of the two stars. 




















The sun 


Fic. 3.—The four-day system of \ Tauri 


The second body in the system of \ Tauri is similar to the 
companion of Algol in being brighter on the side toward the primary, 
in fact this radiation effect is apparently present in all close systems 
where the bodies are of unequal brightness. Using the formula' 
for the value of the albedo, uw, on the basis of Lambert’s law of 
reflection there follows 

p=2.7. 
The corresponding albedo with the reflection law of Seeliger has been 
computed with an unpublished formula which I have derived or: 


p= 3.8. 
The conclusion from these figures, which is also plausible from 
other considerations, is simply that since theoretically the albedo 
cannot exceed unity the extra light from one side of the second 
body must be due in large part to the heating effect of the intense 


radiation from the primary. 
* Astrophysical Journal, 33, 397, 1911. 
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SUMMARY 


We may now bring together the principal results of this paper, 
emphasizing some points which have not been brought out before. 

1. A thorough study of \ Tauri has been made with the photo- 
electric photometer, and it is found that this star is a normal 
eclipsing system, with two minima and continuous variation 
between eclipses. (Fig. 1, Table IX.) 

2. Of the five comparison stars used, all of which are of spectral 
class B, only one, 7° Orionis, has been established as a regular 
variable. (Tables I, III; also next article in this Journal.) 

3. The probable errors of an observation comprising three sets 
of four readings each on the variable and a comparison star are 
+oMoo8 and +o™“oog respectively for two seasons. This accord- 
ance indicates no large anomalies for either the variable or the 
other stars. (Table II.) 

4. There were, however, some half-dozen nights when the 
measures of \ Tauri were systematically discordant up to a tenth 
of a magnitude, and an attempt was made to trace these dis- 
crepancies to an effect of the third body. Although the anomalies 
occur at two places in the 34.6-day cycle which are separated by 
half the period, we have at best only a suspicion that the third 
body is the cause. (Fig. 2.) 

5. A comparison of the four-day light-curve with the Allegheny 
spectroscopic elements shows a good agreement of the eclipse 
times within the errors of the observed data. (Table V.) 

6. There is a systematic difference of about a hundredth of a 
magnitude between the light of \ Tauri as measured in 1916-1917 
and in 1917-1918. This may be ascribed to a change in the total 
light of the variable, in the light of the comparison star £ Tauri, 
or to an unsuspected instrumental change; but there is not enough 
evidence at hand to make a decision on this matter. (Table II, 
Series I and II, also [1] Series I and II, also (1).) 

7. Subject to the unavoidable uncertainties and with the as- 
sumptions which have been made, the plausible elements for the 
triple system of \ Tauri for uniform disks are as follows. 

It is a pleasure to make acknowledgment of the work of various 
persons whose collaboration has made possible the results in this 
paper. The development of the photo-electric cells has been due 
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to Dr. Jakob Kunz, of our department of physics of the University. 
It happened that the particular quartz cell described was made 
with Dr. Kunz’s apparatus during his absence by Mr. L. A. Welo, 
with some assistance from myself. I am indebted to Dr. Elmer 
Dershem for various improvements in the photometer, and for 
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about half of the observations in 1917-1918; also to various 
students, in particular to Mr. P. H. Lucas, for assistance in observ- 
ing, to Miss Iva Hamlin for reductions, and to Mr. L. L. Steimley 
for check computations. 

This work is a portion of that accomplished under two grants of 
three hundred dollars each from the Draper fund of the National 
Academy of Sciences. 


UNIVERSITY OF ILLINOIS OBSERVATORY 
February 1920 











THE ELLIPSOIDAL VARIABLE STAR, 75 ORIONIS 
By JOEL STEBBINS 


ABSTRACT 


Ellipsoidal variable star, x5 Orionis.—The light-curve for this variable has been 
determined with reference to x‘ Orionis by a series of observations made with a photo- 
electric photometer in 1916-1918. The results, corrected for atmospheric extinction, 
show that this star is a continuous variable with a double period equal to the time of 
revolution in the spectroscopic orbit, 3.70 days (Fig. 1). No eclipses are apparent. 
The evidence indicates that the variation is due entirely to the ellipsoidal shape of the 
components, resulting from their mutual attraction. The elongation of the brighter 
component, computed from the amplitude of light variation, must be something 
more than 5 percent. This is the first case where ellipsoidal variation unaccompanied 
by eclipses has been detected by the author. 

Spectroscopic binary, x* Orionis.—The photo-electric photometric observations 
indicate that the light variation of this binary is little or none. 


During the winter of 1916-1917, in the first series of measures 
of \ Tauri with the photo-electric photometer, it was found that 
one of the comparison stars, 75 Orionis, was giving discordant 
results, and it was natural to suspect that this star was itself 
variable.‘ At the same time 7 Orionis was being used as a stand- 
ard in light-tests of the spectroscopic binary 7‘ Orionis.2, Through 
an oversight the reference to the spectroscopic orbit of +5 Orionis 
- had been missed, and it was not until the light variation was well 
established that Lee’s orbit? was found. As some of the com- 
parisons of \ Tauri with 7° Orionis had been made during primary 
minima of \ Tauri when no other comparison star was available, 
it was decided to determine the light-curve of +5 with 74 Orionis 
as standard, and then on the basis of this curve to use 7° for 
Tauri. In the sequel it turned out that 7‘ has little or no light 
variation, but even if it had the problem of determining both 
light-curves by comparison of two spectroscopic binaries of known 
periods could easily be solved by successive approximations. 


* Publications uf the American Astronomical Society, 3, 272, 1916. 
2 Baker, Publications of the Allegheny Observatory, 1, 110, 1908. 
3 Astrophysical Journal, 38, 180, 1913. 
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In Table I are the observations. The first date is October 31, 
1916, and it will be noted that sixteen observations were made in 
1916-1917, and nine in 1917-1918. Each difference of magnitude is 
the mean of three sets of four readings on each star, except where 
a different number is noted in the remarks. The differences are 
in the sense indicated, a plus sign meaning that 2‘ was brighter 
than 7’. The correction for atmospheric extinction in the third 
column was derived by multiplying the tabular visual extinction 
by the factor in the fourth column. This factor was determined 
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Days o I 2 3 . 4 
Fic. 1.—The light-curve of x5 Orionis 


as a matter of routine for each night, the adopted value being 
found from measures of stars of known relative brightness; from 
the absolute light effects from standard stars, the instrumental 
conditions being constant over long intervals; and from the 
observer’s estimate of the quality of the sky. The adopted factor 
was more or less arbitrary but was formed without reference to 
its effect upon the accordance of the results. 

The phases for m4 and 7° are counted from the hypothetical 
eclipse times computed from the respective orbits. 


mr, minimum=J.D. 2418287 .584+9%5191-E£ 
ms, minimum= J.D. 2417922 .565+3%70045°E 


In Figure 1 the differences of magnitude are plotted according 
to the phase of 75, and it is seen that this star is a continuous 





















100 'o— 000 °O €fz"1 19Q°z oe 6£0°o— 6£0'0+ | 6bg'1fg1 
JUBPIOSIp ‘s}as g goo" + gbvo" + ze6'1 glf°6 gl 610° — Sgo° + | Lg’ gzor 
Soo" — ozo" + ySe-¢ oot 'f g°I zzo" — zvo" + | 699° 
goo" + 6zo" + gfe’ pgt fe zz vzo" — €So"' + | €Sg-zzg1 
Loo: — gzo" + LSv'e oz6'1 a | ozo" — gto" + olg*I1g1 
yueps0dsIp ‘sjas 9 goo" — gio" — g6g°z 6L¢'¢ r°e vzo" — goo" + o1l*fog1 
{10° + gto" + Lee-e gto'9 zz 6zo" — Sgo* + gb g6St 
. too" — o10o° — Lz1'! gor't g°z 6zo" — 610° + | fg: bSSr 
Loo" + 100" — £gL°0 £Sg'9 oe £fo° — zo" + | 6gZ‘oSS1 
Loo* — gio" + zoS"1 gS6'9 S-z ztvo' — ogo" + glS*zot1 
voo* + Loo’ — £gq°z SL6'b gii gio" — 110° + gSS$1gz1 
2 goo" + Lv¥o" + ozg't perl gil gio" — Sgo" + z6$ ‘6971 
~ boo" — 110° — gtlo bgq'S g'i 6zo*" — gio" + gol: 
9 goo’ + 000 1zL°o Log°$ gil Sco" = Szo* + 169°€Szxr 
Ps Soo" + 6£0° + Llo‘z 1v1'6 ee gio" — LSo" + org: Lozr 
wy 100° — ovo" + gvg't LzL'1 g'I gio" — gSo" + f1Z‘ofz1 
Y Soo’ — vio’ — g16'z ese-Z e‘s vzo" — o10" + zgl‘Lozt 
| ; -| IIo" + foo" + O19'z Sve -¢ git gio" — 1zo" + vLl: 
Q Soo" + 100° — 6LS*z vee gi gio" — Zio" + f¢l*Loz1 . 
iS foo’ — Ifo" + €zg't gst z Q°z 6zo" — ogo" + Lgl‘zoz1 
sjas $ f1io0° — zoo" + got *z 68g" £°t Lio" — 610° + 692 °6611 
foo" + ofo" + ozf*o £lg'9 oh 4 ozo" — oSo" + | fgd: 
Loo" — vzo" + Sgz°o 8Ig'9 oh 2 vzo" — gvo' + | gzl‘lorr 
1ood ‘sjas z Soo- + vio" + LzS'o 66¢°S o'z zfo* — gto" + 6ggggII 
sjas ¥ 11040 — 700,40 — vLipe 660,,4 L't 07040 — QIO,O+ | z£6OS1izbz “qf 
spews y [enpisey So ond ond 10398 J uonounxg sd “LW'D 27a 





























SINOIEQ s# ANY »# JO SNOILVANASAO 
I ATaVL 


220 














THE ELLIPSOIDAL VARIABLE STAR, 7° ORIONIS 221 


variable with double period equal to the time of revolution in the 
spectroscopic orbit. There are apparently no eclipses, and since 
the two minima are approximately equal and the spectrum is 
single, the variation is due entirely to the ellipsoidal shape of the 
components. The light variation is expressed by 


Difference of magnitude = +0“%0146-++0"%0267 cos 26, 
+10 +14 


where @ is the phase angle, and the coefficients and their probable 
errors were derived by a least-squares solution from the twenty- 
five observations. The probable error of one observation of 
Table I is +o™“oo48. Since the mean difference between 7‘ and 
a> has been measured as o“o146 with a probable error of a thou- 
sandth of a magnitude, it is worth while to examine the measures 
and see if this apparent accuracy is not illusory. A test of the 
accordance is given by averaging the results for the two seasons 
separately, which gives oMor42 and o“ors4, a discrepancy of 
o“oo12, which is small enough to indicate that neither 7‘ nor 7 
is changing progressively at a rapid rate. However, an inspection 
of the extinction correction in Table I shows that with corrections 
ranging from o“o17 to oMo42 the agreement between the two 
seasons must be in part accidental. The mean values of the 
extinction for the two seasons are o“Mo22 and o“o27, and it could 
easily happen that there is a systematic error of several thou- 
sandths in either season. These two stars do not give a favorable 
case for the elimination of the extinction, as 74 is always higher 
in the sky than 75, but if we take two nearly equal stars of the 
same spectral type, close together and near the zenith, the mean 
of twenty-five observations with the photo-electric photometer 
ought to have a probable error as small as o“oo1, assuming, of 
course, that the stars are not variable. 

The coefficient of 26 gives readily a measure of the least 
ellipticity of figure of the components of 75 Orionis. 


2X 00267 =0oM0534 =0.048 in light, 
Ratio of axes, b/a=o .952. 
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We conclude that the two bodies are elongated by mutual attrac- 
tion by something more than 5 per cent, though of course this 
measure probably refers only to the brighter component. This is 
the first case in the tests of spectroscopic binaries where I have 
detected the ellipsoidal variation without there also being eclipses, 
and there must of course be many other such objects awaiting 
discovery. 

The results in this paper were secured with the same assistance 
and support that were acknowledged in the preceding paper on 
X Tauri. 


UNIVERSITY OF ILLINOIS OBSERVATORY 
_ February 1920 



































A MODIFICATION OF THE ELECTRON THEORY OF 
DISPERSION TO ACCOUNT FOR THE CHANGE OF 
THE REFRACTIVE INDEX WITH TEMPERATURE 


By E. O. HULBURT 


ABSTRACT 


Dispersion formula involving temperature, according to a modified electron theory.— 
Various observers have found that the decrease of refraction index with increasing 
temperature is approximately linear. To explain this fact, the author has modified 
the Lorentz dispersion formula by introducing the assumption that, for the range of 
spectrum involved, the variation with temperature is determined by electrons of a 
single type, upon which the medium acts only with a restoring force which increases 
linearly with the absolute temperature, as is to be expected from the law of equipartition 
of energy. The new formula has four arbitrary constants (equation 6). The agree- 
ment with observed results for a number of transparent liquids is within o. 2 per cent for 
a considerable range of wave-length and temperature and clearly indicates that the 
above assumption is a step in the right direction, though it is too simple to correspond 
accurately with the facts. 


1. Introductory.—Measurements of the refractive indices of 
liquids at various temperatures and for various wave-lengths of 
monochromatic radiation are recorded in the Landolt-Bérnstein 
physical tables. More recently K. G. Falk" has made a systematic 
study of the refractive index of fourteen organic liquids for four 
wave-lengths of light in the visible region of the spectrum for 
temperatures between 15° and 75°C. Most of the observers have 
concluded that within the error of experiment the refractive index 
increased linearly with*decrease in temperature. Forch . and 
Kucera? have given the results of their determinations of the 
refractive indices of six liquids at temperatures below o° C. for 
sodium light in the form of empirical equations which, in addition 
to the first power, contained higher powers of the temperature. 
The numerical coefficients of the higher powers were, however, small, 
showing that the deviations from the linear relation were slight. 

No previous attempt has been made to explain quantitatively 
these facts on the basis of any of the theories of dispersion. 

* Jour. Amer. Chem. Soc., 31, 86 and 806, 1909. 

2 Physikalische Zeitschrift, 3, 132, 1901-1902. 
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In the present paper an assumption is made concerning the 
mechanism of the dispersing medium which leads to a modification 
of the dispersion formula, enabling the refractive index at various 
temperatures to be computed. 

2. Theoretical—In the following discussion we shall consider 
only isotropic, transparent media, for the experimental data at 
_ hand preclude consideration of any but the simplest cases. It is 
assumed that the only force due to the medium which acts on the 
dispersion electron is of an elastic nature. Therefore there is no 
frictional force (i.e., absorption) and no external magnetic field. 
We use the electron theory of dispersion as given by H. A. Lorentz," 
and write the equation of motion of the dispersion electron of a 


single type 
d? ie - 
moi = \/ an ¢ (Estoy ar e N8)—fé. (x) 


£ and E, are the X-components of the displacement of the electron 
from its equilibrium position and the electric force on the elec- 
tron, respectively. There are similar equations for the Y- and 
Z-components. /f is a certain positive constant which depends 
upon the structure and properties of the particle or molecule in which 
the electron is situated, such that —/é is the X-component of the 
elastic force or the force of restitution. The charge on the electron 
in c.g.s. electrostatic units is e, its mass is m. WN is the number of 
such electrons per unit volume. o is a constant which Lorentz 
has shown to be approximately 1/3 for isotropic media. 

Let ¢ be the base of natural logarithms, and let all dependent 


variables of (1) contain the time only in the factor é x ‘ where 


276 is the frequency, \ the wave-length of the vibration, and c 


» 
the velocity of light in vacuo. The solution of (1) gives the refrac- 


tive index yu as determined by the relation 


e? 

4nN— 

I 4 m 
I oe 4rc? (2) 
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* Theory of Electrons, 1909, p. 132. 
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This equation expresses » in terms of the constants of a single 
type of dispersion electron. There may be other types of dispersion 
electrons in the medium with constants peculiar to the type, so 
that in the more general case the right-hand member of (2) becomes 
a summation of similar terms, one term for each type. For this 
case the complete dispersion formula is 


eS : 


wet - 





where C,=47N, c , and the subscript s denotes the sth type of 


electron. 

We assume we are dealing with a region of the spectrum in 
which the change of refractive index with wave-length is determined 
by the electrons of a single type, so that in the summation of (3) all 
the terms except one may be replaced by a quantity g, which is 
independent of A. Then (3) becomes 


I a a 


soar +7490 pod (4) 


wet m w} x 





We now consider the effect of temperature-changes upon y as 
expressed by (4). It is assumed that o and gq, remain constant 
throughout any temperature-change. C,; is a function of the 
temperature, but as it is proportional to the number of electrons 
per unit volume, and hence to the density, its changes with tempera- 
ture may be calculated from a knowledge of the density of the 
substance at various temperatures. 

There remains for consideration the quantity /, which is the 
elastic force of restitution acting on the electron. /f is assumed to 
increase linearly with the absolute temperature. This assumption 
may be interpreted to result logically from the law of the equi- 
partition of energy. This law states that during the temperature- 
change of a substance the energy associated with each degree of 
freedom within the substance varies proportionally with the 
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absolute temperature. When the law of equipartition is applied 
to a substance composed of molecules which have no internal modes 
of motion, it has been shown that the kinetic energy of the molecule 
is proportional to the absolute temperature. If the molecule 
possesses internal modes of motion, as will be the case if it contains 
movable electrons, the same law of equipartition of energy may be 
assumed to dictate the distribution of energy among these modes, 
and it follows in a particular case that the force of restitution of 
the electron is a positive linear function of the absolute temperature. 
We then write 


f=fo (1+6), (5) 


where @ is the temperature Kelvin, f, is the value of f at the 
zero of temperature, and 8 is a positive constant. 

Introducing (5) into (4), the dispersion formula becomes 
finally 





I Cy 
=gt+ 2 Ae (6) 
ott 2+ 60-4" 


wet 





3. Application to observation—Since formula (6) contains no 
term denoting absorption, its application is limited to substances 
which are transparent to the wave-lengths in the region of the 
spectrum concerned. Furthermore, the refractive index of the 
substance at constant temperature must conform to the relation of 
refractive index and wave-length given by equation (4). 

The application of the dispersion formula (6) to several sub- 
stances gave the same general results. The case of benzaldehyde 
is discussed in detail below. The method of computation and the 
results for this substance are typical of those for all the substances 
examined. 

The refractive index of benzaldehyde for wave-lengths 434, 486, 
589.3, and 656 uy, from the observations of Falk" for a range of 
temperature between 20° and 70°C., are shown by the straight 
lines of Figure 1. The density of the substance was also measured 
throughout this range of temperature. The determination of u was 


* Loc. cil. 
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accurate to about 0.0001, and Falk considered that a straight line 
represented the variation of u with 6, when ) is constant, within the 


error of experiment. 
20° 40° 60° C. 











XN 1.5740 


\ 


T5460 | x 1.5660 

















__ 4486 , 


N 

ONaN ie 
ee Oe me 

i ee 3 


58935 
1.5300 a NS 1.5500 
N N 
u ick iN 
1.5220 N . x 


es 

















1.5380 


























1.5420 . 









































30° 50° 70° C. 
Fic. 1.—Refractive index of benzaldehyde 


Introducing the values of the wave-length and of the corre- 
sponding refractive index from Figure 1 at 20° C., namely, 


d 486yup 589 .3 656 
1.5621 1.5453 I .5391 


and at 70°C., namely, A= 589.3 wu and u=1.5225, into the disper- 
sion formula (6) to determine the four constants, we find 


g: =0 .50887 r= 40.931 X 10” at 20°C. 


B=7.8778X10~4 To 83..882X 10 
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In the computations it is to be remembered that o is 4, and that 
for any temperature C; is proportional to the density. With the 
above values for the constants of (6) u has been computed for 
various temperatures from 20° to 70° C. for the four wave-lengths 
given in Figure 1. The computed values of u are shown by dots 
in the figure; the four values of uw used to determine the constants 
are shown by circles. The temperature-change in uw as given by 
(6) is linear to a first approximation, and it is seen that the computed 
u-@ lines have but slight curvature for all the wave-lengths. For 
the longer wave-lengths the agreement between the observed and 
computed yu-6 lines is good, but for the shorter wave-lengths it is 
seen from Figure 1 that the observed and computed lines differ in 
slope, and that the difference in slope increases with decreasing 
wave-length. 

Similar computations for carbon disulphide, acetylacetone, 
and a-monobromnaphthalene yielded results similar to those for 
benzaldehyde, namely, equation (6) gave good agreement between 
the observed and compyted u-@ lines for the longer wave-lengths, 
with increasing deviations as the wave-length was decreased. 

4. Discussion.—The accuracy with which equation (6) expresses 
the observations, though none too great, is still sufficient to lead 
to the belief that the assumption given by (5), which possesses 
certain physical significance, is a step in the right direction. Mani- 
festly substances do not conform very exactly to the several 
assumptions underlying the dispersion formula (6), and only 
approximate agreement might be expected. Without attempting 
to discuss all the assumptions, there are two which deserve further 
mention. In the first place, the assumption that the absorption 
is zero, and hence that the change of absorption with temperature 
has a negligible effect upon the refractive index, is questionable. 
In the second place, changes in g; due to temperature have been 
assumed to produce no noticeable changes in w. Such an assump- 
tion is also hardly permissible. Undoubtedly g, does change with 
the temperature, since it is the contribution to the dispersion 
equation (6) from the other types of electrons, and in view of the 
fact that in all the cases examined gq; was nearly as large as one-half 
of the refractive index its temperature variations probably affect 
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u appreciably. However, the quantitative data on the absorption 
of the substances and on the refractive index and its temperature- 
changes are hardly numerous enough to justify more extended 
numerical computations. 

5. Summary.—In order to explain the observed temperature 
variations of the refractive index of transparent isotropic sub- 
stances, the assumption has been made that the force of restitution 
acting on the dispersion electron increases linearly with the abso- 
lute temperature. This assumption when introduced into the 
dispersion equation deduced from the electron theory of Lorentz 
resulted in an equation for the refractive index which was found to 
express the results of observation with a certain degree of exactness. 


Jouns Hopkins UNIVERSITY 
December 1919 











FINE STRUCTURE OF THE NEAR INFRA-RED ABSORP- 
TION BANDS OF THE HALOGEN ACIDS 


By WALTER F. COLBY 
ABSTRACT 


Absorption spectra of diatomic gases; a quantum theory of the fine structure of the 
infra-red bands.—The postulate of Bjerrum, that the fine structure of these bands is 
due to the rotation of the molecules in stationary states corresponding to the quantum 
relation, has proved very fruitful. The purpose of the present paper is to test the 
hypothesis by comparing the theoretical results for the.simplest molecular model of the 
Bohr type with the experimental results recently obtained by Imes for the halogen 
acids. For HF, HCl, and HBr, the observed interatomic vibration frequencies come 
out respectively 18, 40, and 47 per cent less than the theoretical, while the computed 
separations of the pairs of nuclei are respectively 38, 54, and 59 per cent less than the 
values given by Imes. The variation with mass is explained as a screening effect 
which has been neglected in the elementary theory. The agreement between theory 
and experiment is sufficient to lend support to the Bjerrum hypothesis, and suggests 
the importance of developing a more adequate theory involving fewer simplifying 
assumptions. 


Recent experimental work in the fine structure of absorption 
spectra in the near infra-red has been greatly stimulated by the 
very fruitful postulate of Bjerrum’ concerning the mechanism of 
this absorption. He explains the structure of the bands in this 
region as due to the vibration of the atoms in the molecule modified 
by the rotation of the molecule as a whole about an axis normal 
to the line of vibration. Following the requirements of the 
quantum theory, the molecule is assumed to be capable of sta- 
tionary states of rotation defined by the equation 


w=nh/enl. 


n indicates successive integers. The rotational frequencies are 
thus 3 
v,=nh/4nl . 

Calling the interatomic vibration frequency », the foregoing 
theory states that absorption will occur at frequencies given by 
the equation 


v=Vy=Yy. 


* Nernst Festschrift, p. go, 1912. 
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Assuming that », is not modified by the rotational velocity and 
consequently not a function of m, this equation would require a 
series of absorption lines symmetrically grouped about vo. The 
series would have two regions of maximum intensity symmetrically 
placed, corresponding to the most probable value of w. A small 
variation of »» with w would cause a crowding of the bands on one 
side and a separation on the other. Considerable experimental 
evidence has been obtained to verify the original hypothesis in 
these details. It is apparently applicable likewise in the study of 
band spectra, a success which will greatly strengthen its present 
position. 

The first experimental work which presented these absorption 
regions with sufficient dispersion to show the fine structure was 
done by Eva von Bahr in 1913.’ She used a prism spectrometer 
and was able to distinguish and measure a considerable number 
of lines in the bands of a group of diatomic and triatomic gases. 
The separation of the lines in the simpler spectra gave rotation 
frequencies which it was possible to identify with absorption lines 
in the far infra-red, and moments of inertia computed from these 
and the quantum relation were of the order of magnitude demanded 
by the kinetic-gas theory. With low dispersion these regions 
appear as doublets. With these and also with the fine structure 
slightly resolved, von Bahr was able to measure relative intensities 
and find that the rotation velocities approximated a Maxwellian 
distribution. When the temperature was raised the doublet 
separated and its members became flatter and broader. The 
maximum shifted outward according to the requirements of the 
Maxwell law for change of most probable velocity with temperature. 
The recent work, especially that of Sleator? and Imes’ in this 
laboratory and of Kemble and Brinsmade’‘ at Harvard, has extended 
the dispersion and resolution of the fine structure very materially. 
Work now in progress confirms qualitatively the earlier statement 
that the rotational velocities conform quite closely to a Max- 
wellian distribution, even broken up as they are into the discrete 


* Verhandlungen der deutschen Physikalischen Gesellschaft, 15, 710, 1913. 
2 Astrophysical Journal, 48, 125, 1918. 3 Ibid., 50, 251, 1919. 
4 Proceedings of the National Academy of Sciences, 3, 420, 1917. 
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regions of preferred velocities. The great contribution of the new 
work, however, has been in pushing the resolution to its apparent 
limit and in determining so precisely the frequencies of these 
ultimate members. The effect of rise of temperature of the 
absorbing gas now appears very definitely not to displace these 
individual lines but simply to sweep the position of maximum 
intensity outward toward higher values of m. Present work is 
also using this means of assembling data on the higher members. 

The work of Imes has presented the absorption of three of 
the halogen acids with remarkable precision. It is the object of 
the present paper to make use of this data in checking the order 
of magnitude of the variation of »y, with m as shown by a molecular 
model of the Bohr type and to see whether it is possible to express 
v, for such a model by as strikingly simple a function of as Imes 
has found it to be. It will be possible also to check the variation 
of I with n. 

The simplest model of the Bohr type is that first proposed by 
him,’ which has the great advantage of being electrically sym- 
metrical. HCl has been chosen as a type, since the results are 
most complete for that gas. The chlorine atom is assumed to 
contribute one electron only to the valence ring. The hydrogen 
atom also contributes one. The H nucleus and the Cl nucleus 
with remaining electrons are then treated as point charges, an 
assumption which may depart considerably from the details of 
the model, but which is sufficiently near for a first treatment. 
The nuclei thus each possess one positive charge and differ only 
in mass. Bohr has written the equilibrium conditions for such 
a system and for this problem it is only necessary to add one term 
to take care of the molecular rotation. This term is in fact of 
the same type as the one Bohr has used to indicate the centrifu- 
gal force on the electrons in the valence ring. 2x indicates the 
distance between the nuclei, y the radius of the valence ring, M is 
the reduced mass of the rotating system [J = M(2x)*], other symbols 
have their usual significance. The equations are 


nh? / 4m? (2x)3M+e2/ (2x)? = 26%x/(x*+-y*)3/2 
le /4n*ysm+ e/(2y)? = 26y/(2?+-y*)3/?. 


t Phil. Mag., 26, 857, 1913- 
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The first term in each equation gives the centrifugal force and 
recognizes the fact that the angular momentum=nh/2r. For the 
electrons, m is set equal to unity. The influence of the molecular 
rotation on the electrons is neglected. A slight computation 
shows that the electrons have no appreciable effect on the reduced 
mass and also that the centrifugal force on the electrons is of a 
much lower order of magnitude than the electric forces on them 
parallel to the molecular axis. The equations are easier to discuss 
if one replaces y by a new variable a by means of the substitution 


y=x tana. 


It is possible then to solve for x and m? in terms of a. For n’?=o, 
a=60°. a decreases slightly as m? grows and becomes 59°27’ for 
n?=104. Although it has not been possible to form a closed 
expression for x in terms of m?, a curve of corresponding values 
shows the relation to be very nearly linear for m?< 100. One may 
express these quantities as a series in ascending powers of the very 
small quantity (60°—a). These series are rapidly convergent and 
easily obtained. They contribute nothing new to the present 
discussion but are convenient tools for future work. The following 
values of the constants were used. 
M=1.613 107*4 
h=6.55 1077 
€¢=4.77 10°” 
m=9.01 10~* 


The linearity between x and n? is then given by 


X=2.917 1079+1.23 107'7m?. 


Imes gives at n=0,x=6.4 10°. This agreement is not close, but 
one must note that Imes obtains in the case of HF x=4.7 107° and 
for HBr, x=7.1 107°, and that our equations do not involve M 
when =o. The observed variation must therefore be due to the 
screening effect of the inner electrons in the halogen atom. In 
this calculation the foregoing model should consequently be more 
nearly checked by HF, which we find to be the case. The centroid 
of this group of molecules lies always very near the halogen nucleus. 
We should expect, therefore, that many variations with atomic 











234 WALTER F. COLBY 


number must be explained rather by this screening effect than by 
difference of mass. A model which is otherwise satisfactory but 
assumes as we have done that the halogen atom may be replaced 
electrically by a point charge will yield limiting values which the 
experimental data will approach as the atomic number decreases. 
As soon as this material is extended and completed the dependence 
of these frequencies on atomic number can be more satisfactorily 
studied. 

Imes has found an apparent linearity between x? and nm. It 
is very difficult to establish a relation here since the variation is 
so extremely small. He finds that the variation of x from the 
first to the tenth member is about 50-10~”. Our formula gives 
123*10° ™. 

To investigate the vibration frequency we shall assume that 
the amplitudes involved in the absorption in this region are small 
enough so that we may set the restoring force proportional to the 


I Pons 
displacement. y, is then given by rot /M, where 
F=d/d(2x)(n*h?/320?Mx3+-e€/4x? — 2e? cos’ a/x?) . 


A differentiation of the second of the equilibrium equations allows 
an evaluation of da/dx. Although the calculation is fairly labo- 
rious, it is straightforward. One can obtain an expression of v, 
in terms of a, and with the help of the previous relation between 
a and n? a graphical solution is possible for », in terms of n?._ Here 
again the curve is surprisingly closely approximated by a straight 
line, the equation of which may be written 


Yo=1.4485 10%—4.63 10° n?. 


Imes’s equation reads 
¥o=0.8661 10%—0.9 107 n?. 


We must note again that the observed variation of the constants 
of this equation with atomic number of the halogen is much too 
great to be due to difference of mass alone. 


For HF »=1.1887 10%—6.20 10°n?. 
HCl »,=0.8661 10%—o0.90 10°’. 
HBr »,=0.7677 10%—0.69 10°°n’. 
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The assumed model may again be thought of as an idealization 
of the halogen acid molecule, which one may expect the actual 
cases to approach as the atomic number decreases. The dis- 
cussion of the influence of atomic number will be resumed here 
also as more measurements are made. 

To show that the centers of these line pairs are subject to a 
variation of the same magnitude as the supposed molecular model 
would suffer with rotation is striking evidence of the authenticity 
of the assumption that the fine structure of these bands is due to 
this rotation. Work is now satisfactorily in progress to extend the 
number of observed lines of the HCl absorption region at 3.4 uw 
by raising the temperature of the absorbing gas. It is hoped thus 
to test these variations with much more material. The second 
absorption region at slightly less than double this frequency is 
also being extended and we may hope it to yield more information 
as to the possibility of a second stationary amplitude of vibration. 

A second treatment will endeavor to remove at least some 
of the foregoing simplifying assumptions. This would consist in 
using the more satisfactory Kossel model, the at least partial 
recognition of the space-configuration of the halogen atom, and, 
most important, the scrutiny of the validity of assuming simple 
harmonic motion. In respect to this last point, if one assumes 
an equation of motion involving the square of the displacement 
the Sommerfeld phase integral still allows a definite statement 
of the problem of stationary states. By inspecting the standard 
solution of this new equation of motion one may foresee that the 
foregoing results will be changed in the right direction. The 
more complicated solution requires some ingenuity of treatment 
but may prove valuable in accounting for the higher frequency 
regions which apparently share the same structure. 


PuysicaL LABORATORY, UNIVERSITY OF MICHIGAN 
January 1920 











NOTE ON THE AIR LINES IN SPARK SPECTRA 
FROM 2} 5927 TO 8719" 


By PAUL W. MERRILL 
ABSTRACT 


Air lines in condensed spark spectra, \ 5927 to \ 8719.—As an essential preliminary 
to the investigation of spark spectra in this region, a study of the air lines has been 
begun by comparing spectra obtained with different elements as electrodes, both in 
air and in oxygen. (1) The wave-lengths of 58 air lines, so determined, are given in 
Table I with an accuracy which is limited by the fact that the lines are usually ill- 
defined and sometimes broad and hazy. Twenty of them correspond to known 
H, N, O, or A lines, including six lines of the red spectrum of argon and four oxygen lines 
which had not previously been observed in spark spectra. Except for two more, which 
are probably due to oxygen, the rest have not, as yet, been identified. (2) All of the 
identified lines are found to be shifted with reference to vacuum tube spectra; the increase 
of wave-length is about o.1 A for the oxygen lines and two nitrogen lines, 0.3 A for 
three other N lines, 0.6 A for the argon lines, and 0.7 A for hydrogen alpha and for 
three other N lines. (3) The effect of adding self-inductance is to weaken the two 
nitrogen lines, \X 6482 and 6610. 

Spectrum of condensed spark in oxygen.—Several identifications of oxygen and 
nitrogen lines by previous observers using vacuum tubes are confirmed and the 
doubtful identification of \ 7157 as due to oxygen is strengthened. 


In‘ the spectrum of the condensed spark in air there appear 
numerous lines which are to be ascribed to the gases of the sur- 
rounding atmosphere rather than to the material of the electrodes. 
These lines may be stronger and more numerous than the electrode 
lines. They are usually ill-defined and often broad and nebulous. 
Lines of nitrogen, oxygen, hydrogen, and argon are present in 
the spectrum of the disruptive discharge in ordinary air. 

Very little information in regard to spark spectra beyond 
\ 6600 is available at present, although the need for it is becoming 
pressing. The recognition of the air lines is an essential preliminary 
to the investigation of spark spectra in a new region; and since it 
is always of interest to study spectral lines as produced under 
different modes of excitation, the observation of the air lines in 
spark spectra is desirable for the additional reason that many of 


* Contributions from the Mount Wilson Observatory, No. 183. 
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these lines occur both in vacuum tube discharges and in the 
tube-arc." Moreover, certain of these lines are present in astro- 
nomical spectra. The best-known examples are the hydrogen 
lines, but the presence of the spark lines of oxygen and nitrogen 
in stellar spectra has been recognized for some time. 

In the present investigation fifty-eight lines which are thought 
to be due to air have been observed in spark spectra from \ 5927 
tod 8719. These lines have all been photographed in the spectrum 
of the spark between electrodes of at least two elements, carbon 
and aluminum. Most of them have been photographed with 
several other elements also. For the region of wave-length greater 
than \ 7000 the air lines are the most striking features of the 
spectra of all the elements observed, including Al, C, Ca, Co, 
Cu, Fe, Ni, Ti, so that the photographed infra-red spark. spectra 
of these elements appear much alike. 

Wave-length measurements.—The lines which have been meas- 
ured in the present investigation appear in the first column of 
Table I. Their relative intensities are in the second column. 
All the lines are more or less hazy and diffuse; those which are 
especially so are marked “h.” The voltage employed was 8000, 
the capacity about o.1 microfarad. No auxiliary spark-gap was 
used. No special temperature control was provided for the 
electrodes but care was taken that they did not become excessively 
hot, for in that case the characteristic spark features are weakened 
and the spectrum tends to become like that of the arc. 

At 6456 and 6950 are broad hazy patches which cannot 
be accurately measured. *\ 7479 is a curious feature extending 
from 7476.7 to \ 7482.1. It is markedly unsymmetrical, being 
stronger toward the violet. Presumably it is composed of several 
ill-defined lines completely blended. Most of the other lines are 
fairly symmetrical, though lack of symmetry was especially noted 
for \\ 7424, 7442, and 7468. With high dispersion the lines of the 
oxygen triplet \\ 7772, 7774, 7775 appear slightly unsymmetrical. 

All the lines have been measured with a dispersion of 16.8 A 
per mm; the stronger ones with 3.7 A per mm, and Ad 6482 and 


* Arthur S. King and Paul W. Merrill, ‘‘Recent Observations of Tube-Arc 
Spectra Especially in the Infra-Red,” Physical Review, 14, 271, 1919. 
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TABLE I 
Arr LINEs IN SPARK SPECTRA 
L.A. Int. Potable | | Grevious =| Probable | Vacuum Tubes | 
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TABLE I—Continued 
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6610 with 1.8A per mm in addition, first-order grating spectra 
being used in every observation. The spectra having 16.8A 
per mm and some of those having 3.7 A per mm were obtained 
on films, the remainder on glass plates. The wave-lengths were 
determined in most cases by reference to iron-arc comparison 
spectra, usually in the second order, but on some plates in the 
first order. Wherever possible, however, lines in the spark spectra 
themselves were used as standards. For this purpose the expo- 
sures to the calcium and copper sparks were especially suitable. 
The wave-lengths of the metallic lines were taken from Scientific 
Papers of the Bureau of Standards, Nos. 312 and 324. 

In the fourth column appear the mean wave-lengths found by 
previous observers.’ In the third and fifth columns are the prob- 
able errors; those in parentheses, depending on a small number of 
determinations, have been estimated; the others have been com- 
puted from the residuals in the usual way. 

Hydrogen.—The hydrogen line Ha which appears on all of the 
photographs is exceedingly diffuse and difficult to measure. 
Measurements on a considerable number of exposures, however, 
have given the wave-length 6563.5, with a probable error of 
0.06 A. The effective wave-length thus found is 0.7 A greater 

* The principal sources from which these wave-lengths have been taken are Otto 
Schulemann, ‘‘Das Funkenspektrum des Indiums,” Zeitschrift fiir wissenschaftliche 
Photographie, 10, 263, 1911-1912; Franz Joseph Kasper, ‘‘Messungen am Silber- 
spektrum,” ibid., p. 53; A. Kretzer, “Untersuchungen iiber das Antimonspektrum,”’ 
ibid., 8, 45, 1909-1910; Wilhelm Schwetz, “Die Spektren des Wismuts,” ibid., p. 301; 
Matthias Aretz, “Uber den langwelligen Teil des Kupferfunken- und Kupfer- 
bogenspektrum,” ibid., 9, 256, 1910-1911; J. M. Edet and E. Valenta, ‘‘Wellen- 


langenmessungen im roten Bezirke der Funkenspektra,” Sitsungsberichte Akad. der 
Wiss. Wien, Math-naturw. Kl., 118, Ila, 511, 1909. 
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than that obtained from vacuum tubes.t The values of previous 
observers give a slightly smaller displacement, o.5 A. The inter- 
pretation of this apparent displacement should be considered in 
connection with the similar displacements shown by the lines of 
nitrogen and argon. 

Nitrogen and oxygen.—Most of the air lines are due to nitrogen 
and oxygen. The vacuum tube wave-lengths of nitrogen are by 
Porlezza,? those of oxygen are by Runge and Paschen,; reduced to 
the international system.‘ 

Confirmation of several of the identifications was obtained by 
operating the spark in an atmosphere of oxygen. The oxygen 
used was a commercial product and probably was not free from 
nitrogen, as the nitrogen lines were not eliminated from the 
spectrum and in fact were not greatly reduced in intensity. When 
the exposures in oxygen were so timed as to give the same general 
intensity as exposures in air, only two lines were found to be 
certainly weakened, namely Ad 6482.054 and 6610.39. The 
following lines were strengthened in an atmosphere of oxygen: 
AA 6158, 6456, 7003, 7157-36, 7772-07, 7774-33, 7775-60, 8446.84. 
The lines at AA 6158, 6456, and 7003 are very wide and diffuse. 
The first and third are absent or very weak in air and do not appear 
in Table I. AA6158 and 6456 probably correspond to triplets, 
and 7003 toa single line, all observed by Runge and Paschen in the 
series spectrum of oxygen. The last four lines are well-known 
oxygen lines, and \ 7157.36 is probably due to oxygen. A line at 
approximately this wave-length was observed in an oxygen tube 
by Runge and Paschen, though not included by them in their 
table of oxygen lines. 

The exposures with the spark in oxygen did not give sufficiently 
great changes in the relative intensities of the remaining lines in 

tW. E. Curtis, “Wave-Lengths of Hydrogen Lines and Determination of the 
Series Constant,” Proceedings of ihe Royal Society, Ago, 605, 1914. 

2C. Porlezza, “‘Lo Spettro a righe dell’azoto in tubo di Geissler,” Atti R. 
Accademia dei Lincei, Serie 5, 20, 584, 1911. 

3 Runge and Paschen, Annalen der Physik, 61, 641, 1897; Paschen, Annalen der 
Physik, 27, 562, 1908. 

4K. W. Meissner, “‘Untersuchungen und Wellenlingenbestimmungen im roten 
und infraroten Spektralbezirk,” Annalen der Physik, 50, 713, 1916. 
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Table I to make it possible to assign their origins. They may be 
due to nitrogen, but this is not certain except for those of shorter 
wave-length corresponding to lines found by previous observers 
in nitrogen tubes. The identification of the remaining lines must 
await further work with the spark in atmospheres of pure gases 
or with vacuum tubes containing pure gases. 

Comparison of the spark wave-lengths of nitrogen lines with 
those by Porlezza in the vacuum tube shows a large positive dis- 
placement. For eight lines the mean displacement is 0.430.08 A, 
the probable error being computed as though the shift were 
actually of the same amount for all lines. This is not necessarily 














TABLE II 
WaAvE-LENGTHS OF OxyYGEN LINES 

r Arc 9 

SPARK RUNGE | MetssNeR* 
Meissner* Meggers and Kiesst 

7772.97. .-++45- 7771-97 7771.98 7771-93 7771-97 
7774-33--++++5- 7774.00 7774-19 7774-14 - 7774.20 
7775-00. .:..,-- 7775-97 7775-48 7775-43 7775-48 
440.3 440.3 
oS Se 8446.42 ing: 36} 8446.42 8446.78 

















*K. W. Meissner, Annalen der Physik, 50, 713, 1916. 
t Bulletin of the Bureau of Standards, 14, 637, 1918. 


the case, but even so the displacement is more than five times 
the probable error. Including one more line (A 6358), poorly 
determined, gives o.53+0.1A. Using values of previous observers 
for eight lines we get a displacement of 0.52=0.08A. The chance 
that these displacements are due to accidental errors is negligible, 
and it would be surprising if systematic errors to the amount of 
o.4 or o.5 A should exist in either series. 

The wave-lengths of four oxygen lines as found in various 
sources are collected in Table II. The spark lines seem to be 
displaced toward longer wave-lengths as compared with other 
sources, though by smaller amounts than occur in the similar 
displacements shown by the lines of hydrogen, nitrogen, and argon. 
The vacuum-tube values of Runge and Paschen for the second 
and third lines are admittedly inaccurate. 
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These four infra-red oxygen lines are essentially spark lines. 
They are faintly present in the arc’ and are fairly strong in the solar 
spectrum.? A preliminary photograph by Mr. Ellerman and the 
writer indicated that the triplet at \\ 7772-7775 is much weak- 
ened in the spot spectrum as compared with the disk. This is 
conclusively shown by an excellent photograph secured by Mr. 
Brackett. It would not be surprising if this triplet were found to 
be strong in the spectra of certain stars of types B and A. 

Argon.—The photographs show six faint lines near the positions 
of six of the strongest lines of the so-called ‘“‘red’”’ spectrum of 
argon. Lines of wave-length 4000-5000 in the ‘blue’ argon 
spectrum have been previously observed in spark spectra,’ but the 
writer is not familiar with any record of observation of lines of 
the ‘“‘red”’ spectrum in the spark. As these lines are produced in 
the vacuum tube without capacity, it seems somewhat peculiar that 
they should appear in the condensed spark. Their effective wave- 
lengths in the spark appear to be greater than the vacuum-tube 
values.‘ The six lines give a mean displacement of 0.590.06 A. 

Self-induction—A few exposures were made with about o.1 
millihenrys self-induction in the electric circuit. The only striking 
change in the appearance of the spectrum is the pronounced weak- 
ening of the nitrogen lines \X 6482 and 6610, though many of the 
lines probably become narrower. 


SUMMARY 


1. Fifty-eight air lines have been photographed in spark 
spectra from 5927 to \ 8719 and their wave-lengths determined 


with varying degrees of accuracy. 

2. The lines which can be identified at present are due to argon, 
hydrogen, nitrogen, and oxygen. 

* An unpublished observation by Mr. Babcock to which he kindly permits ref- 
erence in this connection shows that the three lines at \\ 7772, 7774, and 7775 are 
quite strong at the poles of the iron arc, especially at the positive pole, as would 
be expected of spark lines. 

2 That AA 7772, 7774, and 7775 are not caused by the earth’s atmosphere, but 
are true solar lines, was shown by St. John (Annual Report of the Director of Mount 
Wilson Observatory for 1911). 

3 See discussion by A. S. King, Astrophysical Journal, 21, 344, 1905. 

4K. W. Meissner, Annalen der Physik, 51, 115, 1916. 
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3. An attempt to distinguish between the nitrogen and oxygen 
lines by operating the spark in an atmosphere of oxygen confirmed 
several previous identifications, but was inconclusive in regard to 
most of the new lines. 

4. The effective wave-lengths of the lines of argon, hydrogen, 
and nitrogen appear to be greater in the spark than in vacuum 
tubes by several tenths of an angstrom unit. The oxygen lines 
show the same effect to a smaller degree. 

5. Self-induction in the spark circuit causes a relative weaken- 
ing of the nitrogen lines AA 6482 .054 and 6610.39. 

In conclusion it may be noted that this investigation is pre- 
liminary and incomplete. Further work on the apparent dis- 
placement of the lines is required in order that its true character 
and interpretation may be found. Chemical identifications should 
be established for the unknown lines by operating the spark in 
very pure atmospheres of oxygen, nitrogen, and argon. 


Mount WILSON OBSERVATORY 
February 1920 














THE GOLD-POINT PALLADIUM-POINT BRIGHTNESS 
RATIO 


By EDWARD P. HYDE anp W. E. FORSYTHE 


ABSTRACT 


Gold-point palladium-point brightness ratio.—The authors have determined this 
ratio within less than 1 per cent by two sets of readings. (1) Ten determinations 
made with an ordinary pyrometer give R= 76.9 for \=0.6663 u, hence A log R= 
1.25664; (2) three determinations made with a spectral pyrometer give R=122.2 
for A\=0.6018 uw, hence A log R=1.2560u. Taking the gold point as 1336° K, these 
results enable either the palladium point or c, to be computed if the other is known. 
Assuming c, to be 14350 u deg., the palladium point comes out 1828°.5 K; while assum- 
ing the Day and Sosman value for the palladium point, 1823° K, the radiation constant c, 
comes out 14470 pu deg. 

Double-platinum-wound black-body furnaces are described, which give a very 
uniform temperature and may be used at the palladium point repeatedly without 
appreciable deterioration. 


Four quantities are related by the gold-point palladium-point 
brightness ratio, and if three of them are known, the fourth can 
be calculated. These four quantities (the two temperatures, the 
ratio of brightness, and c,) are connected by the following relation 
from Wien’s equation: 


_s og e( x x) 
log R= » (RAT) 





where R is the ratio of brightness for the wave-length interval 
whose center is at A; 7, and 7, the two temperatures, on the ab- 
solute centigrade scale, in this case the gold and palladium points; 
and ¢c, a constant of Wien’s equation. Wien’s equation 


La = ch-se | 


is used for such work rather than Planck’s form 
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which has been shown by experiment to represent the facts quite 
well, because for the visible spectrum and not too high temperatures 
the two equations give practically the same values and the former 
is easier to use in calculation. It can be seen from the form of the 
two equations that the value of the product AT is the important 
factor in determining the difference between them. By calcula- 
tion the relation shown in Table I between the two equations for 
different values of AT (A expressed in yw) can be obtained. 


TABLE I 
AT Ep/Ew 
2000 _ 1.0008 
2500 1.003 
3000 1.008 
4000 1.028 
5000 1.056 


This table shows the ratio between Planck’s and Wien’s equa- 
tions for different values of AT, where Ew is the brightness as 
determined from Wien’s equation and Ep from Planck’s equation. 
Thus, for optical pyrometry where the wave-length is always less 
than o.7u Wien’s equation gives a negligibly small error over a 
wide range of temperature. 

For two known temperatures, if the brightness ratio is measured 
for a particular wave-length the value of c, can be calculated. On 
the other hand, if one temperature is known, and a value for c, 
accepted, the other temperature can be calculated. The palladium 
melting-point in this way can be determined from the melting- 
point of gold and c,. Since the value of the constant c, is better 
known than the melting-point of palladium, it seems better to use 
the measured ratio to determine this melting-point than to deter- 
mine the value of c,. 

In the work described in this paper three different platinum- 
wound black-body furnaces were used. Two of these were of the 
same size and of the regular form with fixed diaphragms, one being 
made of marquardt porcelain and the other of alundum. The 
tubes were about 3.5 cm outside diameter and 30 cm long. The 
diaphragm forming the front of the uniformly heated cavity or 
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black body had an opening 13 cm in diameter. This cavity as 
usual was located in the center of the tube. These inner heater 
tubes were uniformly wound with platinum ribbon, 2 cm wide 
and o.or mm thick, the distance between the different windings 
being as small as it was possible to wind them and avoid short 
circuits. This heater tube was slipped into another tube (inside 
diameter about 5 cm) and the space between the two tubes filled 
and packed tightly with very pure aluminum oxide. The aluminum 
oxide was held in place at the ends by two bushings made of alun- 
dum that just fitted inside of the outer tube and easily slipped over 
the end of the inner tube. The outside tube, which projected 
several centimeters beyond the inner tube, was also wound with 
platinum ribbon of the same size, but in this case the windings 
were spaced farther apart at the center of the tube in order to 
correct for end cooling. After a few trials a spacing for the 
windings was found so that with the allowable range of current 
through these two sets of windings the heating of the inner tube 
was quite uniform. The outside heater tube thus served two 
purposes: first to enable the platinum-wound furnace to be operated 
at as high a temperature as the palladium point, and, second, to 
correct for the end cooling. A diagram of this furnace is shown 
in Figure 1. The third black-body furnace was made up in the 
Laboratory by fitting diaphragms into a marquardt porcelain tube 
with an internal diameter of about 13 cm. This heater tube was 
wound and mounted in exactly the same manner as the larger 
tubes. 

Each of these furnaces contained a thermocouple inserted from 
the back into the central heated part in the usual manner. This 
was used as an indicator in holding the temperature of the furnace 
constant at any definite point. In this Laboratory a black-body 
furnace thus wound and mounted has been heated to the tem- 
perature of melting palladium as many as a dozen different times, 
held there for several hours each time, and is still in good working 
order. 

The sample of gold or palladium’ was mounted between 
platinum wires supported by two porcelain tubes in such a manner 
that the central part of the sample could not touch either of these 
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two tubes. This mounting was necessary as it has sometimes 
been found that if a single tube is used the melted metal will touch 
and cling to the end of the tube,so that the electric circuit through 
the two platinum wires and the sample used to give a signal when 
the sample melted would not be broken at the instant of melting 
and thus a high value would be obtained. With the central part 
of the sample free the circuit would without doubt be broken at 
the instant of melting. The authors have heard it stated that 
this method, with the sample in the form of very fine wires, gives 
high values, but in this case the effect could only be differential, as 





10 cms 





Fic. 1.—Diagram of black-body furnace tubes F and D wound with platinum 
ribbon, tube F uniformly and tube D about as shown to aid in correcting for end 
cooling. The space between these two tubes is filled and packed with very pure 
aluminum oxide. To prevent sagging, tube D is supported at two points, as shown, 
by supports O. Space outside of tubes (B) filled with infusorial earth. 


the same method was used for each metal. Furthermore, as the 
samples were mounted in several different ways and no difference 
was detected, it is thought that such errors, if they exist, are very 
small when care is used in the mounting. Two sets of samples of 
both gold and palladium were used. They were obtained from 
the American Platinum Works at different times, about two and 
one-half years apart. In ordering these samples it was specified 
that the purest Heraeus metals for melting-point determinations 
were to be furnished. No differences could be detected between 
the two samples of gold or the two samples of palladium. 
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Values of this ratio were measured by two different forms of 
pyrometer; first, the ordinary pyrometer where a red glass is 
used as the monochromatic screen, and, second, a spectral py- 
rometer. 

When values of the ratio of brightnesses of a black body between 
two temperatures are measured, using an optical pyrometer, the 
wave-length is determined from the effective wave-length of the 
red glass used in the eyepiece. In using the ordinary optical py- 
rometer, it is the integral luminosities through the red glass screen 
that are compared, for which reason the effective wave-length of 
red glass screen for a certain temperature interval has been 
defined as the wave-length, such that the ratio of its radiation 
intensities for these two temperatures equals the ratio of the 
integral luminosities through the particular screen used. 

Knowing the spectral transmission of the red glass, it is possible 
to calculate the effective wave-length, Xe, for the temperature 
interval by means of the following equations: 


(FOT)teV sar 





jor} ie 
JT) Ire ( FAT) teVadd 


where J(AT)dX is the energy as given by Wien’s equation for the 
wave-length interval from \ to \+dd; tz is the spectral trans- 
mission of the red glass; and V, is the visibility. These integrals 
can be computed by the step-by-step method (each step 0.005 4) 
with sufficient accuracy for this purpose. To determine the 
temperature of the palladium point to better than one degree 
requires that the wave-length be known a little better than one 
part in six hundred. By the foregoing method of calculation the 
effective wave-length can be determined to about one or two parts 
in six thousand. 

By the use of a spectral pyrometer a determination of this 
brightness ratio can be made, and, at the same time, if proper 
precautions are taken, the wave-length easily determined. This 
instrument differs from the ordinary pyrometer in that a spectro- 
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scope is used in place of the ordinary eyepiece. If, with this 
spectral pyrometer, care is taken to correct for the slit-widths in 
the regular manner, or to avoid such corrections by using very 
narrow slits, both for the collimator and the eyepiece, the wave- 
length used will be very definitely known. In the spectral py- 
rometer used to determine this ratio, a Hilger constant-deviation 
spectroscope was used for the eyepiece and such values used for the 
slit-widths (each slit o.3 mm, which transmitted a range of wave- 
length amounting to about 0.0054 for \=o.6y) that the error 
due to this source was negligible. 

When making the foregoing determinations of this brightness 
ratio with either pyrometer, the brightness for each melt was 
measured in terms of the current through the pyrometer filament. 
The sample was melted inside the black-body cavity of the furnace. 
The temperature of the latter was raised very slowly and the 
E.M.F. of the thermocouple very carefully followed by the observers 
and thus the values were obtained at the exact time of melt. By 
the use of an electrical bell which rang when the sample melted, 
the observer was able to give his attention to following the changes 
in the E.M.F. of the thermocouple and at the same time to be sure 
when the sample melted. A very high resistance relay was inserted 
in the circuit so as to avoid heating the sample with the current used. 
The E.M.F. of the thermocouple at the time of melt was employed 
as an indicator and thus the furnace was held at this temperature 
as long as was necessary to measure this brightness with the 
pyrometer. In this manner several melts were made and the 
brightness measured with one metal and then the temperature of 
the furnace was changed and several melts were made and the 
brightness also measured with the other metal. 

When the black body was at the temperature of the palladium 
point proper sector disks were used to give an apparent brightness 
just above and just below that of the black body at the temperature 
of melting gold. By interpolation, using the logarithms of the 
current and the relative brightness as obtained from the reading 
with these and other sectors (since the logarithms of current and 
brightness give nearly a linear relation), the value of the ratio 
corresponding exactly to the gold-point brightness was found. 
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The sectors used had been very carefully calibrated in this 
Laboratory by a photometric method by Mr. Cady. The six- 
degree sector used was calibrated on a circular dividing engine by 
the Bureau of Standards and a value found that agreed very 
closely with that found by the method used in this Laboratory. 

In Table II are given the results for the two different pyrom- 
eters. The values for the palladium point were calculated from 
the ratios found from the value of 1336° K for the gold point and 
from ¢,=14350 deg. The range of values of the ratio found by 
means of the ordinary optical pyrometer is from 1 per cent 
above to the same amount below the mean value given in Table II. 
This range in the ratio corresponds to about ;'5 of 1 per cent in 
the value for the melting-point of palladium. ‘Thus the range due 
to this error is about +1.5°K. The range for the value using the 
spectral pyrometer was about the same, being in this case some- 
what less than 1 per cent. As a result of this work the labora- 
tories of the General Electric Company have decided, for the time 
being, to accept 1828° K as the palladium point. 


TABLE II 


SUMMARY OF RESULTS OF MEASUREMENTS OF THE GOLD-PoINT PALLADIUM-POINT 
BRIGHTNESS RATIO 




















| | j 
| Numper or | Numper or MELts . RESULT FOR 
Mr | SEPARATE | » Avupsen, wal TH 
TROD DETERMINA- | Founp | PALLADIUM 
TIONS Pd. Au. | Port 
Ordinary 
Pyrometer*.... 10 45 45 0.6663 76.9 | 1828°.6K 
Spectral 
Pyrometer... .. 3 13 12 ©.6018 122.2 1828°.3 K 











*A statement of these results was published several years ago (Astrophysical Journal, 42, 300, 
1915), but at that time the values were used to determine c, rather than the palladium point. 


The value found for the melting-point of palladium from the 
measured ratio and the value accepted for the value of c, is about 
5°C. higher than the value given by Day and Sosman in their 
extended work with the gas thermometer. These experimenters 
allow an error of +2°C. There has been no chemical analysis of 
the palladium used in this work but it is doubtful if this is the cause 
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of the difference. More extended work should be done in order 
to settle this point. No attempt has been made to refer to all 
the work that has been done on this point. An excellent review 
of the field is found in a paper by Waidner and others in the Report 
of the Symposium on Pyrometry soon to be issued by the American 
Institute of Mining and Metallurgical Engineers. 


NELA RESEARCH LABORATORY, CLEVELAND, OHIO 
March 1920 














MINOR CONTRIBUTIONS AND NOTES 


FIVE Oe5 STARS WITH VARIABLE RADIAL 
VELOCITIES 


ABSTRACT 


Class Oe5 ‘stars with variable radial velocities—As in the case of most of the stars 
of this spectral class which have been investigated, it has been found that 9 Sagittae, 
A Cygni, B.D.+ 37°1146, B.D.+44° 3639, and 'B.D.+56°2617 have variable veloci- 
ties and therefore probably belong to binary or multiple systems. Measurements of 
twenty-nine plates, scattered over a period of several years, are given in a table and 
show variations for the different stars amounting to from 20 to 160 km/sec., varia- 
tions which are from 8 to 60 times the probable error. In addition, variations of 
about 10 km/sec. were found for B.D+52°726 and 19 Cephei. 


During the progress of a radial velocity program at the Detroit 
Observatory of stars of spectral class Oes5 the following were found 
by the writer to have variable velocities. The table is self- 
explanatory. The radial velocity is reduced to the sun. 

The lines measured for the radial velocity determination include 
hydrogen 8, y, 5, €, ¢, the ¢ Puppis series y’, 6’, e’, ¢’, helium 
AA 4713, 4388, 4144, 4026, 4009, and the four lines whose wave- 
lengths were determined by Frost' in 1o Lacertae, a star of the 
same spectral class, AX 4685.90, 4116.33, 4097.55, 4089.12. The 
H and K lines of calcium were also measured, but in general their 
range of displacement is small. 

The width of the hydrogen lines, the diffuse character of the 
¢ Puppis series, changes in the relative intensities of various lines, 
and apparent shifts in the center of absorption make the determina- 
tion of velocity rather difficult. Some of the lines of the third 
plate of A Cygni appeared to be doubled, but consistent velocities 
could not be obtained. The radial velocities referred to the sun 
have been determined to the nearest tenth of a kilometer per second, 
although the probable error for a single plate based upon the agree- 
ment of the lines used is about two or three kilometers. Two 


t Astrophysical Journal, 40, 268, 1914. 
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other stars of the program, B.D.+52°726 and 19 Cephei, gave 
ranges of ten kilometers on five plates each, only two kilometers 
less than the range in the case of 10 Lacertae. 

Including six other stars of class Oe5 having variable radial 
velocities, £ Persei, 6* Orionis (C), s Orionis, S Monocerotis, r Canis 























Star Positi ; , ; 
eaten meee Date | Julian Day | Rpdial | Pusey 
242 km 
B.D.+37°1146 Oct. 13, 1917 1,515.824 — 2.3 Weak 
Dec. 11, 1917 574-755 — 20.3 Fair 
5>14™0 Feb. 1, 1919 901.733 — 2.8 Fair 
+37°20' Feb. 5, 1919 995.653 — 1.8 Fair 
6.71 Feb. 18, toro 2,008 . 599 + 0.3 Fair 
Mar. 27, 1920 2,411.656 — 8.9 Weak 
Mar. 29, 1920 2,413.635 —10.4 Fair 
9 Sagittae June 18, 1918 1,763 .760 + 9.7 Good 
July 8, 1918 783.674 +17.1 Fair 
19°47™9 July 12, 1918 787.764 — 7.9 Fair 
+18°25’ Aug. 3, 1918 809. 726 — 2.1 Fair 
6.29 Aug. 5, 1918 811.692 — 2.5 Fair 
B.D.+44°3639 July 109, 1918 1,794. 762 —17.5 Fair 
July 25, 1918 800. 736 —12.9 Fair 
20%53™1 Aug. 2, 1918 808 . 726 +22.2 Weak 
+44°33' Aug. 5, 1918 811.762 + 9.2 Good 
6.01 Aug. 9, 1918 815.687 +16.4 Fair 
Aug. 10, 1918 816.740 +17.1 Fair 
A Cygni Nov. 8, 1915 0,810.635 +28.8 Fair 
Aug. 3, 1919 | 1,809.793 —27.9 Fair 
215148 Aug. 5, 1918 811.816 ? Fair 
+43°31’ Aug. 7, 1918 813.683 + 7. Poor 
6.06 Aug. 12, 1918 818.703 —54.0 Fair 
B.D.+56°2617 Nov. 9, 1915 | 0,811.600 +92.6 Good 
July 20, 1918 1,795 .858 —57.2 Fair 
21>35™ July 25, 1918 800.812 — 30.4 Fair 
+57°2' Aug. 7, 1918 813.753 +56.5 Poor 
5.64 Aug. 10, 1918 816.792 +87.5 Fair 
Aug. 12, 1918 . 818.758 —65.2 Fair 





Majoris, and 1o Lacertae, it appears that a very large proportion 
of the stars of this class that have been investigated have variable 
velocities; and a star of class Oe5 with a constant velocity may 
prove to be the exception rather than the rule. 

It is interesting to note also that eight.out of fourteen Oes5 
stars here observed belong to well-known visual binary or multiple 
systems, A Orionis, 6' Orionis, 6 Orionis, S Monocerotis, t Canis 
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Majoris, B.D.+56°2617, 19 Cephei, and 10 Lacertae. Including 
the two mentioned above with velocity ranges of ten kilometers 
and interpreting variable radial velocity stars as spectroscopic 
binaries, the entire number, fourteen, belong to binary or multiple 


systems. 
W. Cart RuFus 


Detroit OBSERVATORY 
ANN ARBOR, MICH. 
April 16, 1920 





THE PARALLAX OF THE B-STAR BOSS 1517 


ABSTRACT 
The parallax of the B-Star Boss 1517 has been recomputed. The result is 


a=+07048+0"021. 


In the Observatory for July 1919 (42, 281) Mr. A. J. Roy gives 
—2"3 as the corrected Boss proper motion in right ascension for 
the B-star Boss 1517. With this proper motion I have recom- 
puted my parallax plates and get 


w= -+0%048+ 0021. 


This is still a large parallax for a star of spectral class B and in 
better agreement with the hypothetical parallax of o%033 com- 
puted by Professor Kapteyn (Astrophysical Journal, 47, 104, 1918). 


J. VottTeE 
MET. OBSERVATORIUM 
WELTEVREDEN, JAVA 
February 14, 1920 



































PREPARATION OF ABSTRACTS 


Every article inthe Astrophysical Journal, however short, is to be preceded by 
an abstract prepared by the author and submitted by him with the manuscript. 
The abstract is intended to serve as an aid to the reader by furnishing an index 
and brief summary or preliminary survey of the contents of the article; it 
should also be suitable for reprinting in an abstract journal so as to make 
a reabstracting of the article unnecessary. Therefore, the abstract should 
summarize the information completely and precisely, and also, in order to enable 
a reader to tell at a glance what the article is about and to enable an efficient 
index of the subject-matter of the abstract to be readily prepared, the 
abstract should contain a set of subtitles which together form a complete and precise 
index of the information contained in the article. 

In the preparation of abstracts, authors should be guided by the following 
rules, which are illustrated by the abstracts appearing in the Astrophysical 
Journal for January and March 1920." First the new information contained 
in the article should be determined by a careful analysis; then the subtitles 
should be formulated; and finally the text should be written and checked. 


RULES 


1. Material not new need not be analyzed or described; a valuable sum- 
mary of previous work, however, should be noted. 

2. The subtitles should together include all the new information; that is, 
every measurement, observation, method, improvement of apparatus, sug- 
gestion, and theory which is presented by the author as new and of value 
in itself. 

3. Each subtitle should describe the corresponding information so precisely 
that the chance of any investigator’s being misled into thinking the article 
contains the particular information he desires when it does not, or vice versa, 
may be small. ‘Zeeman effect for metallic furnace spectra” is too broad 
unless all metals have been studied, for an investigator may be interested, 
at the time, in only one metal; but “Infra-red arc spectrum of iron to 34” 
evidently satisfies this rule. It is particularly desirable that ranges of varia- 
tion of temperature, wave-length, pressure, etc., be given. 

4. The text should summarize the author’s conclusions and should tran- 
scribe all numerical results of general interest, including all that might be looked 
for in a table of astronomical and physical constants, with an indication of the 


* The rules and illustrative abstracts were prepared by G.S. Fulcher, of the 
National Research Council. 
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accuracy of each. It should give all the information that anyone, not a 
specialist in the particular field involved, might care to have in his notebook. 

5. The text should be divided into as many paragraphs as there are dis- 
tinct subjects concerning which information is given. Parts of subtitles 
may be scattered through the text but the subject of each paragraph must 
be indicated at the beginning. 

6. Complete sentences should be used except in the case of subtitles. The 
abstract should be made as readable as the necessary brevity will permit. 








